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PREFACE TO SECOND EDITION 


The past decade has seen a wide extension in the appli- 
cation of alternating current power, both to the home and 
to industrial plants. This extension has been particularly 
noticeable in improved methods of starting and protecting 
alternating-current motors, the wider use of static condensers 
for power factor correction, the introduction of more effi- 
cient rectifying devices, and the development of the small 
capacitor motor, especially for household appliances. 

This second edition has been prepared in order to include 
the operating principles of these latest devices, of which the 
practical electrician must have a thorough understanding. 

The work of revision has been done by Professor Samuel H. 
Caldwell, of the Department of Electrical Engineering at 
Massachusetts Institute of Technology, who brought to the 
task a wide experience in the field of modern alternating- 
current practice. To him the authors express their sincere 
thanks and deep appreciation. 

W. H. Timsie 
H. H. Hiasre 
CamBripGcE, Mass. 


ANN Arsor, Micu. 
March, 1939. 
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PREFACE TO FIRST EDITION 


In writing this text the authors have tried to include in it 
only that material which really represents the essentials that 
a worker on alternating-current appliances should know and 
know well. Since the education of many of these men is 
limited to that given in the ordinary grammar school, a 
method of presentation has been adopted which, it is be- 
lieved, will enable them to grasp and retain the fundamental 
information. 

We believe this book has these four desirable qualities: 

(1) It deals with the information and problems of alter- 
nating-current practice which an electrical worker is most 
likely to meet in his trade. 

(2) It is written in simple language. 

(3) It avoids the use of algebra and trigonometry. 

(4) It is the result of several years of experience in teach- 
ing alternating-current electricity in short intensive trade 
courses for electric wiremen at Wentworth Institute. 

It is hoped that it will be found equally well adapted to 
similar practical courses given in Trade, Industrial and 
Technical High Schools, where it is desired to impart in the 
minimum time the maximum amount of information con- 
cerning the laws and practice of alternating currents — in- 
formation which will be in an immediately usable form and 
which can still serve as a substantial foundation for more 
advanced work. 

The authors desire to express their appreciation to Mr. 
Arthur L. Williston, Principal of Wentworth Institute, to 
Mr. Joseph M. Jameson, Vice President of Girard College, 

Vv 
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and to our colleagues Mr. Wallace J. Mayo and Mr. George 

M. Willmarth for their assistance in developing the course 

as here outlined. Grateful acknowledgment is also ex- 

tended to Mr. Ernest 8. Schuman of Wentworth Institute 

for solution of the problems and criticism of the text. 
WH 
HH. oi: 

Boston, Mass. 
Ann Arsor, Micu. 
June, 1918. 
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ESSENTIALS OF 
ALTERNATING CURRENTS 


CHAPTER I 
MODERN SYSTEMS OF POWER TRANSMISSION 


In beginning the study of alternating-current electricity it 
is desirable to get in mind the general composition of a typical 
alternating-current system. It is the purpose of this chapter 
to describe such a system and to explain in a general way 
what each part is and how it is used. Later chapters take up 
the various machines and devices in greater detail and explain 
the underlying principles upon which they operate. 

1. Central Power Station. In our present-day civiliza- 
tion, some form of power is needed in almost every building, 
whether it be located in a large city or in a small village, or 
even on an isolated farm. This power may be used in many 
ways and frequently the amount of power required at any one 
place is small. To illustrate: In a manufacturing plant 
having several buildings scattered over a large tract of land, 
we find that power is used for various manufacturing pur- 
poses throughout the plant; for machine tools in the repair 
shop; and for crane and elevator service. Lights are supplied 
in every part of the buildings, and flood lights outside illumi- 
nate the yard. Clocks are electric-driven, and numerous 
bells and annunciators are in constant use. In the boiler 
room, motor-driven oil-burners are used to supply steam for 
manufacturing processes, and motor-driven auxiliary pumps 
stand ready to meet any demand caused by the outbreak of 
fire. Fans and air-conditioning equipment help maintain 
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efficient working conditions, and during rest periods a public- 
address system broadcasts entertainment to the employees. 

Most of these devices require very little power. An incan- 
descent lamp or a desk fan requires about +'5 horsepower, and 
a clock requires less than +45 horsepower. A flood light re- 
quires 4 horsepower to 1 horsepower, and the machine tools 
in the repair shop require from { horsepower to 3 horsepower. 
To be sure, large quantities of power are required for manu- 
facturing purposes, but the machines to be driven are located 
on the several floors of the different buildings. 

Under such circumstances it would be neither practicable 
nor economical to install an engine or a water wheel at each 
place where power is needed. The only practical plan is 
to generate in one “ power station” all the power that is 
needed for the entire plant, and then to distribute this 
power in some way to the places where it is to be used. In 
modern practice, we frequently go one step further and pur- 
chase the power directly from the public utility company, 
thus centralizing the production of power for many users in 
one or more large power stations. Besides the lower cost of 
power, the additional advantage of improved reliability is 
generally obtained by this method. 

Fig. 1 shows a power station with generators operated by 
Diesel engines. ‘These machines deliver 2300 volts and 
supply a comparatively small local demand. In Fig. 2 is 
shown part of a modern, high-power central station, operated 
by steam turbines. This station is part of the power system 
for the city of Chicago. 

2. Selecting a Method of Transmitting Power. If a power 
station is installed in the plant, the next problem is to deter- 
mine the best method of distributing the power that is gener- 
ated to each separate machine or device where it is to be used. 

There are four common ways of transmitting power to 
considerable distances: First, mechanically by means of belts 
or rope-drives and shafting; second, by steam under pressure 
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flowing in mains; third, by compressed air; fourth, by elec- 
tricity. Which of these four methods of power transmission 
is best suited to the requirements of a particular plant de- 
pends upon the surrounding conditions, and is a question 
which requires careful study. Each of these methods has its 
advantages. There are instances in which a single one of 
these four modes of power transmission should be used in 
preference to any of the others. Where distances are very 
short, mechanical transmission of power by belts and shafting 
is frequently the cheapest and most efficient method. Where 
installations are temporary, where the distances to which 
power must be transmitted are not too great, and where the 
quantities of power required are small, steam under pressure 
may often be used to advantage. An illustration that might 
be cited of this type of transmission is the scheme for rock 
drills, hoisting engines, elevators and pumps needed for a sub- 
way or a large-building excavation. Compressed air is used 
in preference to steam where more flexibility is required, 
where the distances are greater, and where freezing tempera- 
tures will be encountered. The development of efficient, 
portable compressors has led to the wide use of compressed 
air for temporary power requirements. 

3. Advantages of Electrical Transmission of Power. 
Electricity has many advantages over other types of power 
transmission, especially where the distances to which power 
is to be sent are great. Electricity travels on wires that do 
notmove. These wires may be bent in any direction. They 
easily pass obstructions and may be supported in a great 
variety of ways. The cost of such a transmission line is 
relatively small and, when installed, the line is subject to but 
small depreciation and wear. Fig. 3 shows a section of a 
modern electric transmission line used to transmit 270,000 
horsepower from water-power stations located in the Sierra 
Nevada range, across the Mojave Desert, to the vicinity of 
Los Angeles, a distance of 241 miles. 
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Electric power may be started, stopped and controlled by 
devices that are more precise and rapid in their operation 
and more compact and durable in their construction than 
those which must be used when power is transmitted by 
other means; and it is suited to a greater variety of uses. 
Also, for long-distance transmission, electricity is more 
economical than any other kind of power. Central power 
stations have consequently become, in almost every instance, 
electric generating stations. 

4. Advantages of Alternating-current Electricity for 
Central Stations. Experience has shown that large central 
plants and those having great diversity of service can be 
operated more efficiently than smaller plants or than plants 
having little diversity of service; hence there has been 
constant growth in the economical size for central gener- 
ating stations. There are now examples of single stations 
capable of generating 300,000 kw; and plans are being made 
for still larger stations. To use the machinery in such 
plants to the best advantage and to operate at as steady a 
load as possible, longer and longer transmission lines are 
being planned. Interconnection of complete distribution 
systems by transmission lines known as “ tie-lines ”’ is another 
method employed to secure more uniform generator loads and 
more reliable service. 

The desire to transmit electrical power as far as possible 
with a minimum loss has resulted in the present very general 
use of alternating-current electricity. 

The reason is simple. Electric power depends upon two 
factors, current and voltage. We may transmit a given 
amount of power in either of two ways. First, by means of 
a large current at a low voltage; or, second, by means of a 
smaller current at a correspondingly higher voltage. The 
smaller the current used, however, the smaller will be the 
loss of power in transmission. Hence, for long-distance 
transmission, in order to secure a small loss, we must use a 


8 ESSENTIALS OF ALTERNATING CURRENTS 


small current and consequently as high a voltage as is 
practicable. 

Electrical engineers have long recognized the fact that at 
high voltages it is more efficient and cheaper to transmit 
direct-current power than alternating-current power. How- 
ever, no completely satisfactory system for generating and 
using direct current at high voltages has yet been developed. 
The great advances made in the development of high-power 
vacuum tubes and gaseous conduction devices in recent years 
have again aroused widespread interest in the possibility of . 
achieving high-voltage, d-c transmission and distribution 
systems using these new tools. 

On the other hand, alternating current may be simply 
and inexpensively stepped up from low voltages, at which 
it may be generated, to high voltages at which it may be 
transmitted over wires; and then it may be stepped down 
again to whatever voltages are desired for use. The instru- 
ment used for doing this is called a transformer. Unfortu- 
nately, no device of this nature is available for use with direct 
current. 

It is now customary to generate alternating-current 
electricity in large central stations at voltages as high as 
22,000 volts, although most installations operate at about 
14,000 volts, and alternating-current motors can be built to 
operate on about the same voltages. Beyond these values, it 
becomes difficult to insulate the windings of the generator or 
motor. 

Where high-voltage transmission is required it is custom- 
ary to place in central stations step-up transformers which 
increase the voltage from that at which the current is 
generated to whatever voltage may be desired upon the 
transmission line. This voltage may be only a few thousand 
volts or it may be as high as 220,000 or even 275,000 volts, 
depending upon the quantity of power that is to be trans- 
mitted and the distance it must be sent, Such transformers 
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are exceedingly compact and their efficiency may be as high 
as 99 per cent. They are comparatively inexpensive and 
have no moving parts to require attendance. 

It is not advisable to carry the full voltage of long trans- 
mission lines into a town on account of the danger of con- 
tact with buildings or trees or with other electrical con- 
ductors. Often municipal ordinances forbid it. Therefore, 
a transformer substation, situated on the outskirts of a town, 
is used to step down the voltage from that used on the 
main transmission line to a voltage that is suitable for the 
distribution of current to the different consumers. Voltages 
used on such distributing systems differ very greatly accord- 
ing to circumstances. In large systems, distribution voltages 
of from 13,000 to 22,000 volts may be used. Smaller systems 
frequently use a distribution voltage of 2300 volts. 

Fig. 4 shows a group of step-down transformers in a sub- 
station at the Los Angeles end of the Boulder Dam lines. 
These units drop the voltage from 275,000 volts to 13,200 
volts, and each transformer can carry 65,000 kilowatts. 

Near the points where power is consumed smaller trans- 
formers are used for stepping down the voltage of the current 
in the distributing system to 115 volts, 230 volts, 550 volts, 
or to whatever other voltage may be required by lamps or 
other apparatus. 

5. Converter and Rectifier Substations. While a very 
large percentage of the electrical power now generated in 
central stations in the United States is generated in the form 
of alternating current, many applications of electrical power 
require direct current. Therefore, direct current must 
usually be available from the distributing system, even 
though alternating current is required for transmission. 
Fortunately several devices have been developed for ‘“ con- 
verting ” or “ rectifying” alternating current into direct 
current. 

One of the most widespread types of rectifiers is that found 
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Fria, 4. Transformer substation receiving power from Boulder Dam 
at 275,000 volts and supplying distribution system in Los Angeles at 
13,200 volts. Westinghouse Elec. and Mfg. Co, 
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in every radio set which operates from the alternating-current 
supply. Insome cases this is a vacuum tube, but most of the 
newer sets have tubes containing mercury-vapor. Similar 
tubes are used in the amplifiers of the sound systems in 
motion-picture theatres. These tubes have been developed 
in recent years to the point where they can handle very large 
amounts of power. A good example of this is shown in 
Fig. 5; the rectifier contains only three small tubes, but it is 
capable of supplying a total PS 

direct-current load of over 6 
horsepower. Units of this type 
are used extensively to supply 
direct current for magnetic 
clutches, chucks, and separators, 
and for operating special types of 
office machinery. 

Where large quantities of 
direct current are needed to 
supply communities, large man- 
ufacturing plants or electric 
railways, converter substations 
are erected. These substations 
contain apparatus for convert- 
ing alternating current at the 
high voltage used on the trans- 
mission line into direct-current ; 
electricity at the lower voltage Fig. 5. A modern industrial 

rectifier. Raytheon Manu- 
used by the apparatus of the Rieinn Co. 


consumer. 
This conversion of high-voltage alternating current to 


low-voltage direct current is done in two stages; the high- 
tension alternating-current power is transformed first into 
alternating-current power of lower pressure by means of 
the step-down transformers already referred to; and then 
the lower-pressure alternating-current power is converted 
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into direct-current power at a suitable voltage by means of 
rotating machines, or by means of large mercury-are rectifiers. 

The rotating machine converter may be one of two types: 
First, the motor-generator converter, which consists of an 
alternating-current motor operated by the transmission line 
and mechanically coupled to a direct-current generator. 
This is the most flexible type of converter and is adaptable to 
the greatest variety of conditions. It is, however, more 
expensive than the second type of rotary converter. 

Second, the synchronous converter (commonly called the. . 
rotary converter). This type of converter, shown in Fig. 6, 
does practically all the work of a motor-generator con- 
verter. It has, however, only one armature and only one 
field structure. It is correspondingly less flexible. It is, 
however, also less expensive, and usually more efficient. 

There is now an increasing tendency to equip new converter 
substations with large mercury-arc rectifiers, and even to re- 
place older rotary types with the mercury-are type. Recent 
developments have eliminated many of the operating diffi- 
culties formerly encountered with this type of rectifier. The 
mercury-are is preferred because of its higher efficiency and 
lower operating cost. 

6. Alternating-current System for Short Transmissions 
Requiring no Step-up Transformers. An old empirical rule 
which gives satisfactory results within reasonable limits, 
states that the proper transmission-line pressure should be 
about 1000 volts for each mile in length of the line; for 
instance, 2300 volts may well be used to transmit current 
within a radius of about two miles from the central station. 

With modern generators built to deliver 13,000 volts, it is 
possible to supply transmission systems covering a radius of 
ten to fifteen miles without using step-up transformers. One 
or more generators feed the station bus-bars to which the 
transmission line can be connected directly. through the 
switchboard. Small distribution transformers are then con- 
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nected to the line at various appropriate points, and from 
these lower voltages are obtained for use by individual 
consumers. 

Fig. 7 is a diagram illustrating an alternating-current 
system of this type. It is drawn to represent the usual three- 
phase installation having three wires for each circuit. 
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The main generator A is connected directly to the 
three-phase transmission line. The alternating-cur- 
rent generator must have its field magnets excited 


from a separate source of direct current, usually from ©. 


a small direct-current generator either on the same 
shaft with the alternator (as shown) or driven by an 
independent source of power. 

A three-wire three-phase transmission line is repre- 
sented in the figure by the three lines B, B, B. To 
the transmission line is attached the following serv- 
ice equipment. 

A single-phase transformer steps down the ee: 
of the line to supply lights and other equipment in the 
generating station. 

A special group of transformers changes the supply 
to six-phase instead of three-phase. 

The bank of transformers D supplies six-phase 
power to the mercury-are rectifier E. The rectifier 
provides direct current for street-railway use. A 
more uniform direct current is obtained from a six- 
phase supply than from a three-phase supply. Also, 
the rectifier reliability is improved by the use of a 
six-phase power supply. 

A single-phase transformer steps down the voltage 
to supply light and power in a residential district, 
using three-wire, single-phase distribution. 

A group of single-phase transformers are connected 
to supply three-phase power at reduced voltage to 
three-phase induction motors, H, ina factory. An in- 
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dustrial furnace, J, is operated single-phase on the 
low-voltage side of the transformers. 


Notice that although three-phase distribution is used, 
many single-phase loads are put on the system. The single- 
phase loads should be so connected to the line wires that the 
three phases are as nearly equally loaded, or balanced, as 
possible. 

7. Alternating-current Systems for Long-distance Trans- 
mission where Step-up Transformers are Required. Where 
the transmission of electric power must be made to distances ~ 
greater than about five or six miles or at voltages higher than 
from 6600 to 13,000 volts, the system is usually increased by 
the addition of step-up or central-station transformers and 
also transformer substations. A typical long-distance sys- 
tem of this type is illustrated diagrammatically in Fig. 8. 
This includes the following principal items of equipment. 


Ae The main generator located at the central power 
station. In large systems, this generator is frequently 
driven by a steam turbine. The generator delivers 
power at about 13,000 volts to 

ob 24 A set of three step-up transformers in which the 
voltage is raised to a value suitable for transmission, 
in this case 230,000 volts. 

OP? A three-wire, three-phase transmission line distrib- 
utes power in large quantities to the points where it is 
needed. These places are often called ‘“ load-centers ” 
because a large amount of power is supplied for various 
purposes, with only one connection to the transmission 
line. 

SW At each load center, step-down transformers must 
be connected so that power can be obtained at usable 
voltages. In this case, the transformers reduce the 
line voltage to 2300 volts for transmission to various 
parts of the load center. Some apparatus is built to 
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work directly from this distribution voltage (as for 
example the 2300-volt motor shown), but generally 
further reduction is required. 

si th The 2300-volt distribution system is shown with 
additional transformers arranged to reduce the voltage 
to conventional light and power values. 

ag Electric railway operation usually requires that 
power be supplied to the trolley wire (or third rail) at 
many points along the line. It is more efficient to 
transmit the power to distant points at high voltage 
and then reduce the voltage and convert, if necessary, 
to direct current for train operation. Here a syn- 
chronous converter is shown, but many modern in- 
stallations are of the mercury-are type. Many of the 
converter substations are entirely automatic in their 
operation. 

ui The section of the transmission line L, L, L may be 
continued to supply other load centers. . Also, a num- 
ber of systems may be connected together in order 
to obtain higher reliability, and operating economies. 


SUMMARY OF CHAPTER I 


POWER is obtained from coal, oil and water, by the use of 
prime movers in the form of steam engines, gas engines and 
water wheels. 

CENTRAL POWER STATIONS are established because it 
is inefficient and too expensive to place a prime mover near 
each place where a small amount of power is required. 

CENTRAL STATIONS ARE ELECTRICAL because elec- 
trical power can be transmitted more cheaply and more con- 


veniently and turned to a greater number of uses than any 
other form. 


THE LOCATION of these power stations is as near the 
center of the region to be served as possible. Water wheels, 
however, must be located near the water supply. 

ALTERNATING CURRENT is generated by these central 
stations because remarkably efficient machinery has been de- 
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vised for ‘‘ stepping up” the voltage and getting the great 
advantage of transmitting at high voltage. The same machine, 
a transformer, ‘‘ steps down” the voltage, allowing it to be 
used at a low pressure. Transformers will not operate on 
direct current. , 

CONVERTER SUBSTATIONS are placed at points along 
the transmission line where a large amount of direct current 
is needed, and synchronous converters, motor-generators, or 
mercury-arc rectifiers are installed, which change the alter- 
nating current to direct current. For converting small amounts 
of alternating-current power to direct-current, thermionic tubes 
of various types may be used. 

TRANSFORMER SUBSTATIONS are erected wherever it 
is desirable to step down from the transmission voltage, which 
may be as much as 275,000 volts, to a city circuit usually of 
about 2300 volts, for the sake of greater safety to human life. 
At the immediate points where the power is to be used, small 
individual transformers change this 2300 volts to the 500, 230 
or 115 volts desired. 

SHORT TRANSMISSION SYSTEMS for transmitting 
power ten to fifteen miles or less consist of an alternating- 
current generator of from 2000 to 13,000 volts, connected 
directly to the line. At the receiving end of the line, synchro- 
nous motors, induction motors or converters may also be 
attached directly to the line. By attaching transformers to 
the line, small motors, incandescent lamps and other apparatus 
may be run at their proper low voltage. 

LONG TRANSMISSION SYSTEMS are those which trans- 
mit power more than five or six miles. The generator delivers 
about 13,000 volts, but this is ‘‘ stepped up” by station 
transformers, sometimes as high as 275,000 volts, before it is 
delivered to the line. Wherever power is to be used, a trans- 
former substation is erected. The transformers ‘‘ step down ” 
the transmission voltage to a distribution voltage which, de- 
pending upon the size of the system, may be from 2300 to 
22,000 volts. At the load points within the area served by 
a distribution system, additional transformers further decrease 
the voltage to the values usually required for lighting and 
power. When direct-current power is needed, converters are 
usually located either at the transformer substation or at a 
special substation with transformers connected directly to the 


conversion equipment. 


CHAPTER II 
TRANSFORMERS. FUNDAMENTAL IDEAS 


Most of the world’s electric power is generated and used in 
the form of alternating current. This is due principally to 
the fact that the voltage of an alternating-current circuit can 
be increased or decreased to satisfy most efficiently the re- 
quirements of transmission, distribution, and use. The de- 
vice which makes this possible is the transformer. ‘To under- 
stand how it operates, it first will be necessary to understand 
clearly the nature of an alternating current. 

8. How an Alternating Current Differs from a Direct 
Current. In Fig. 9 we have a wheel W mounted on a shaft S, 
A series of blades B, 'B, 
B..., extend from the out- 
side of the wheel and dip into 
a stream of water moving 
steadily in the direction 
shown. We know that the 
moving water will push the 
blades and thus cause the 
wheel to rotate as shown. 


Fie. 9. The steady flow of water Now suppose we have 
pushes the blades B-B and another wheel arranged with 
turns the wheel in the direction : 

Ed a piston and crank as shown 


in Fig. 10. By admitting 
steam to the cylinder alternately through the openings A and 
B we can force the piston P back and forth in the cylinder, 
and this motion, when transmitted to the wheel by means of 
a crank, will cause the wheel to turn in the direction indicated. 
If we wish, we can mount the wheels shown in Fig. 9 and 10 
on the same shaft so that the water wheel can be used when 
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water is plentiful, and the steam drive can be used when the 
water is low. 

Although power can be obtained from the shaft S by either 
of the methods shown, the forces acting in the two types of 
drive are quite different. In Fig. 9 the wheel is turned by a 
steady, continuous force, due to the continuous motion of the 


N 
N 
\ 
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Fig. 10. Power to drive the wheel W is secured from an alternating 
motion of the piston P. 


water in the stream. In Fig. 10, however, the force acting to 
turn the wheel comes from the motion of the piston, and its 


I (0) 


Piston 
Position 


_ 


PE) 


Fig. 11. The position of the piston changes with time as shown in the 
curve. 


motion is not continuous. Instead, the piston motion 
‘changes direction twice for each revolution of the wheel, and 
during each revolution the speed of the piston changes. 
If we plot the position of the piston at each instant of time, 
we obtain the curve shown in Fig. 11. Point 1 on the curve 
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represents the piston in the middle of the cylinder as indi- 
cated in sketch (a). The rising curve represents the piston’s 
motion to the left of the mid-point, finally reaching point 2 
on the curve which corresponds to the piston at the extreme 
left-hand displacement as in sketch (b). Now the piston 
starts back to the right, and at point 3 it again reaches the 
mid-position, as in sketch (c). At point 4, the piston reaches 
its extreme right-hand position, sketch (d), and from there it 
returns to point 5. Of course, point 5 is the same as point 
1 in regard to the piston’s position and it is hence ready to 
repeat the motion during the next revolution of the ~ 
wheel. 

In Fig. 9 the action of the flowing water in causing the 
wheel to.turn may be compared to the flow of direct current. 
Similarly, the action of the piston in Fig. 10 may be compared 
to the flow of alternating current. 

9. What Is Meant by the Terms Cycle and Frequency. 
In Fig. 11, we saw that the piston, starting at the mid-position 
(point 1), had to travel to the extreme left (point 2), then 
back to the mid-position (point 3), then to the extreme 
right (point 4), and, finally, returned to the mid-position 
(point 5), in order to produce one revolution of the wheel. 
The same series of events must take place for each revolution 
of the wheel, and as long as the piston keeps working we can 
think of the curve extended indefinitely, repeating itself 
each time the wheel makes a complete revolution. 

The portion of the curve which represents. one complete 
turn of the wheel is called a cycle; the number of times the 
cycle is repeated in one second is called its frequency. Thus if 
the wheel is turning 1800 revolutions per minute, it turns 
1§80 or 30 revolutions per second, and since the piston com- 
pletes one cycle for each revolution of the wheel, the piston ° 
frequency is 30 cycles per second.* 


* Usually the word “ cycle” is used to mean “ cycles per second.” 


Thus, a 60-cyele current is one with a frequency of 60 cycles per second. 
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The curve of Fig. 11 is the same as the curve which repre- 
sents an alternating current, and Fig. 12 shows a typical 
alternating-current wave. At the instant marked 1 the 
current is zero, at the instant marked 2, it has the value in one 
direction denoted by the line a, in this case 2 amperes; at 3 it 
has again become zero, while at 4 it has the value b, or 2 
amperes in the opposite direction but equal to a; at 5 it has 
once more become zero and has completed the cycle. The 
loops above the zero line represent the values of the current at 


Fie. 12. Alternating-current wave, showing how the current varies 
in strength and in direction with time. 


different instants when it is flowing in one direction. The 
loops below the line represent the values at the instants 
when it is flowing in the opposite direction. The values at 
5, 6, 7, 8 and 9, merely show that the current goes through 
the same set of values during the next cycle. Note that in 
each cycle the current has two instants when it is zero and 
two other instants when it is a maximum value, though 
these values are in opposite directions. 

The frequency of an alternating-current power system is a 
matter of great importance. Thousands of electric clocks 
are now in use, operated from alternating-current supply 
lines. These are driven by small motors which operate in 
synchronism with the cycles, or alternations, received over 
the power line, and their accuracy therefore depends on 
maintaining accurate frequency at the central station. 
Fig. 13 shows a clock motor of this type. 
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Prob. 1-2. The drive wheels of a locomotive are 5 feet in diameter. 
What is the frequency of the pistons when the locomotive is travel- 
ling 60 miles per hour? Assume no slipping between the wheels 
and the rail. 

Prob. 2-2. How fast would the locomotive of Prob. 1-2 travel 
if its pistons operated at the same frequency as a 60-cycle alternating 
current? 


Prob. 3-2. In order to 
drive a certain automobile 
at 40 miles per hour, its 
engine speed is 2400 rpm. 
What is its speed when the_ 
piston frequency is 25 cycles — 
per second? 


Prob. 4-2. Ina Telechron- 
clock motor (Fig. 13), the 
motor armature makes one 
complete revolution _ per 
cycle of current. What 
must be the gear ratio be- 
tween the armature and the 
second hand of a clock if it 
is to operate on a 25-cycle 
circuit? 

Prob. 5-2. An alternat- 
ing current increases in 
value from zero to a maxi- 


mum value of 3 amperes 
Fria. 13. Clocks driven by small syn- jn 0,004 second. What is 


chronous motors depend upon accu- 

ae a frequency. Warren Prob. — In . 60-cycle 

circuit, what is the time 
interval between successive zero values of current? 

10. Induction. Induced Voltage. The following experi- 
ment may easily be tried. Attach a long wire across the 
terminals of a low-reading voltmeter (millivoltmeter) and 
move part of the wire rapidly across the end of a strong 
bar magnet, as shown in Fig. 14. The voltmeter will indicate 
that a voltage is induced in the wire which causes a current 


its frequency? 
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to flow along the wire. If we now move the wire in the oppo- 
site direction across the face of the magnet, the voltmeter 
will show a deflection 
in the opposite direc- 
tion, indicating that a 
voltage has been in- 
duced in the opposite 
direction. In _ order 
to understand more 
clearly what the con- Fic. 14. When the wire is moved across 
ditions are by whicha __ the face of the magnet, a voltage is set 
magnet mayinducean UP which is indicated on the volt- 
electric pressure in a mT: 
circuit, it is necessary to make a brief study of magnetic fields. 
If we place a glass plate over a bar magnet, scatter iron 
filings on the plate and tap it gently, the filings will arrange 
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Fic. 15. Lines of magnetic flux shown by iron filings. 


themselves in lines, called magnetic lines of force, as shown in 
Fig. 15, Note how these lines all seem to come out of one 
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end of the magnet and go into the other end. Since both ends 
look exactly alike, we cannot tell from which end the lines 
are coming out and into which end they are going, except by 
the use of a compass. If we place a compass near one end 
of a magnet and its North points away from that end, we say 
that end of the magnet is the North pole, and that the lines 
coming out of this north pole push the compass around so 
that it points away from the north pole. Similarly, the lines 
going into the South pole pull the compass around so that it 
points toward the south pole. Thus we say that: 


The north pole of any magnet is the place where the magnetic 
lines come out, and the south pole is the place where the lines 
enter the magnet. 


The lines, then, run through the magnet from the south 
pole to the north pole, out of the north pole, through the air, 


Fria. 16. Magnetic lines of force in and about a bar magnet. 


and enter the south pole again, making a complete loop. 
The space occupied by these lines, around the magnet is called 
the magnetic field. Fig. 16 is a diagram of the magnetic 
lines of a bar magnet. Strictly speaking, a magnetic field 
is simply a space where force is exerted upon any magnet 
which may be put there, and it includes all the space around 
the magnet, not merely the place where the lines are drawn. 
The lines are drawn to represent the field; we make the direc- 
tion of the lines indicate the direction of the force, and the 
closeness and number of the lines indicate the amount 
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of the force that would be exerted upon a standard magnet. 

The wire in Fig. 14, when moved, cuts these magnetic lines 
of force. When the lines are cut in one direction, a voltage 
is induced in the wire which tends to cause an electric current 
to flow in one direction. If the magnetic lines are cut in the 
opposite direction, the voltage set up is in the opposite direc- 
tion. It is immaterial whether we move the wire across the 
magnetic lines, or move the magnetic lines across the wire. 
As long as the lines are being cut by the wire, a voltage is in- 
duced in the wire. It will be remembered that this prin- 
ciple is applied in electric generators. A voltage is set up in 
the wires on the armature, by causing the armature or the 
field to revolve in such a way that the 
wires on the armature cut the magnetic 
lines of the field. When the motion or 
the cutting ceases, the voltage in the 
armature coils dies out. Similarly, 
when a wire is held motionless at the £ 
end of a magnet, no voltage is set up. 
It is only when either the wire or the 
magnet moves so that the magnetic Fic. 17. Right-hand 
lines cut the wire, that a voltage is set Tle for induced volt- 
up in the wire. Pe 

Then what is really induced is voltage, not current, be- 
cause when the circuit is open and no current can flow, the 
voltage is still there between the terminals of the wire which 
is cutting magnetic lines (or magnetic “ flux ’’). 

One rule for finding the direction of the induced voltage is 
as follows: 


Extend the THUMB, FOREFINGER and MIDDLE FINGER of 
the RIGHT hand at right angles to one another. Let the 
THUMB point in the direction of the motion, the FOREFINGER 
in the direction of the magnetic lines, then the MIDDLE FINGER 
will be pointing in the direction of the induced voltage. 


| The hand in Fig. 17 illustrates the application of the right- 
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hand rule to the case of a wire being moved across the face of 
a magnet. 
Prob. 7-2. If the wire AB in Fig. 18 is moving down across the 


magnetic lines, in which direction will a voltage be set up, from A 
to B or from B to A? 


_ Fie. 18. Wire cutting magnetic lines of force. 


11. The Magnetic Field Due to an Electric Current in 
a Wire. Most magnetic fields, however, are not those of 
bar magnets, but are made by sending an electric current 
through a coil of wire. When the wire carrying the electric 
current is straight, a magnetic field is produced which is 
circular, with the wire at the center of the circles representing 
lines of force. A compass needle (which is merely a small bar 


AARAAAA 


Fia. 19. Magnetic field about a straight wire carrying a current of 
electricity. Field is circular, not spiral. 


magnet) placed in the magnetic field of a straight wire would 
be deflected from its normal position, tending to take up a 
position parallel or tangent to the circular lines of magnetic 
force. If the current in the wire is reversed, the compass 
needle swings around and points in the opposite direction, 
Fig. 19 shows this circular field about a straight wire. 
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If we now look along the wire in the direction in which the 
current is flowing, we see that the magnetic lines of force 
consist of a series of circles concentric with the wire. As we 
increase the current in the wire, these circles widen out, just 
as the ripples on the surface of water widen out around the 
spot where a stone has been dropped in. If we now decrease 
the current, these circles will contract until, when we shut the 
current off, they disappear entirely. Fig. 20 shows a cross- 
section of the wire and magnetic field, and represents the way 


Fic. 20. End view of mag- Fic. 21. Field about a _ wire; 
netic field about a straight wire. current reversed from Fig. 20. 


the field would appear if we looked at the end of the wire with 
the current going away from us. In Fig. 21 the current is 
reversed. Notice that the field is also reversed in direction. 

A simple way to find the direction of the magnetic field 
about a wire carrying an electric current is by the thumb rule. 


THUMB RULE 


Grasp the wire with the right hand, so that the THUMB 
points in the direction of the current; the FINGERS will point 
in the direction of the magnetic field. 


Similarly, if we know the direction of the magnetic field, 
we can find the direction of the current. For if we wrap the 
fingers in the direction of the lines of force, the thumb will 
then point in the direction of the current. 
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Fig. 22 shows by means of iron filings the appearance of the 
circular field about a wire carrying current. 
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Fig. 22. Iron-filing pic- 
ture of magnetic field 
about a wire carrying 
current. 


12. Field About a 
Coil Carrying a Cur- 
rent. Ampere-turns. Fia. 23. Field about a single loop of 
If now the wire is wire carrying current. 
made into a loop as in 
Fig. 23, we find, by the THUMB rule, that the lines of force, 
which everywhere encircle the wire, all enter the same face 
of the loop and all come out of the opposite face. 

If we place several loops together into a loose coil as in 
Fig. 24, most of the lines will thread the whole coil. If we 
make a close coil, practically all the lines will thread the 
whole coil, and return outside the coil to the other end. 

The reason that practically no lines of force encircle the 
separate loops of a closely wound coil, but all thread the 
entire coil, is explained by referring to Fig. 25. This draw- 
ing represents an enlarged longitudinal section of the coil in 
Fig. 24. The current entering the ends of half-loop at A, B 
and C, comes out again at D, H and F. If the turns AD 
and BE were pushed nearer one another, the field on the right 
side of A (being in the opposite direction) would neutralize 
the field on the left side of B. The space between the wires A 
and B would thus be neutral, or free of lines of force. The 
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lines now would be compelled to continue on through the 
whole length of the coil, and would not slip into the spaces 
between the loops and encircle each wire with a separate field. 

We thus have the same shaped field as in and about a bar 
magnet; one end of the coil being a North pole, since all the 
lines come out of it, and the other end a South pole, since all 


AMT 


() 


Fig. 24. Field due to a loose coil Fia. 25. Longitudinal cross- 
carrying current. section of coil in Fig. 24. 


the lines enter it. It must be kept in mind, however, that the 
whole field starts from small circles formed around each wire 
through which current flows. These circles combine to form 
the field of Fig. 24 when the turns are placed close together. 


Fig. 26. Magnetic field of a“ solenoid” coil carrying an electric current. 
13. Electromagnets. Thus it is not necessary for the 


magnet in Fig. 14 to be a bar magnet. It may be, and 
generally is, an electromagnet. Consider Fig. 26 and 28. 
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When an electric current is sent through these coils, a mag- 
netic field is created, the direction of which depends upon 
the direction of the electric current in the coils. The rule 
for this direction is as follows: 


<— Ourrent 


Fie. 27. Fingers of right hand point in the direction of the electric. 
current; thumb points in the direction of the north pole of the coil. 


Grasp the coil with the right hand as in Fig. 27 and 29, so that 
the fingers point in the direction of the electric current; the 
thumb then points in the direction of the North pole. 


Fira, 28. Reversed current flowing in coil of Fig. 26. Note that 
magnetic lines and poles also are reversed. 


Note that the field of such an electromagnet is exactly like 
the field of a bar magnet. If we want a stronger magnetic 
field, we can either send a larger current through the turns of 
wire, or keep the same current flowing, but wind on more 
turns. The product of the amperes times the turns is 
called the ampere-turns, and determines the magnetizing 
force of the coil. If a weak magnet is required, only a few 
ampere-turns are used per inch length of coil, and no iron 
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coreisinserted. Forastrong magnet, alarge number of ampere- 
turns to the inch is wound on an annealed steel or iron core. 

To form a permanent magnet, it is necessary to use a very 
hard steel core and apply a strong magnetizing force. 


Fig. 29. Right-hand rule of Fig. 27 applied to the reversed 
current of Fig. 28. 


When the current is turned off, the core will be found to re- 
tain a part of the magnetism set up. With modern materials 
the magnet will keep its strength for a long time. These 
magnet materials are generally alloys, such as cobalt steel 
or “ Alnico,” which is a steel alloyed with aluminum, nickel 
and cobalt. 

Prob. 8-2. Draw the internal and external magnetic field for 
an iron core with electric current flowing around it as indicated in 
Fig. 30. 


Prob. 9-2. Draw the field between coils A and B, in Fig. 31. 


Prob. 10-2. Draw the field between coils A and B, Fig. 31, 
when the current in coil B is reversed. 
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14. Howa Transformer Operates. Transformers operate 
by taking advantage of the two principles: 

(a) A coil of wire carrying an electric current constitutes 
a magnet. 

(b) When a wire is cut by magnetic lines of force a voltage 
is set up in the wire 

Suppose we consider two coils arranged as in Fig. 32. If 
a current is passed through the outside coil B, lines of mag- 
netic flux are set up around the coil as shown in Fig. 24 and 


Fia. 32. Any change of current in coil B induces a voltage in coil A. 


25. Many of these flux lines cut across the wires of the coil 
A, and if we continually increase the current in B, more and 
more lines will cut the wires of A. 

This is indicated by the voltmeter V, Fig. 32, which 
shows a deflection as long as the current in B is increasing, 
although there is absolutely no electrical connection be- 
tween the coil A, in which a voltage is produced, and coil B, 
in which a current is increasing. The voltage in coil A is 
set up merely by the magnetic lines around the wires in 
coil B cutting the wires of coil A, just as a current was set 
up in the wire passed across the face of a bar magnet (Fig. 
14). As soon as the current in coil B reaches its full value 


TRANSFORMERS. FUNDAMENTAL IDEAS 35 


and flows steadily, then the voltage in coil A dies out, al- 
though coil B remains an electromagnet. 

ii now we break the current in coil B, a voltage in coil A 
is set up in the opposite direction, as shown by the deflection 
of the voltmeter needle in the opposite direction. This 
voltage in coil A is due to the collapse of the magnetic field 
around the wires of coil B. As the current in B decreases, 
the strength of the magnetic 
field decreases and the lines in 
contracting again cut across 
the wires of coil A, only, of 
course, in the opposite direc- 
tion. As soon as the current 
in coil B ceases to flow, the 
voltage in coil A disappears. 

Note that the voltage in 
coil A is only momentary. It 
appears only while there is a 
changein the current of collB. — p44. 33. Induction coil with vi- 


The production of voltage in brating-contact interrupter. 
the inner coil A can be under- An intermittent direct cur- 
stood better by considering rent in the primary (outer) 


Fig. 33. Asacurrentissentinto Se eee Rata 
high alternating voltage in 


coil B the magnetic field starts Mena Gites)’ Gail: 
around each turn of coil B. 

These magnetic fields all join together and sweep inward 
across the wires of coil A. As this field sweeps across the 
wires of coil A, a voltage is induced in each turn of the coil. 
If 1 volt is induced in each turn and there are 1000 turns, 
then the voltage across the terminals of coil A is 1000 volts. 
It is on this principle that induction coils are made. Coil 
B is generally made of comparatively heavy wire and of 
enough turns to produce a strong magnetic field when a 
current is sent through it. Coil A consists of a large num- 
ber of turns of finer wire. The center of the coil is generally 
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filled with soft iron wires to produce a stronger magnetic 
field. 

When a current is sent into coil B the growing magnetic 
field sweeps across the turns of coil A and produces a voltage 
in each turn. As there is usually a large number of turns 
in the coil, a high total voltage is induced. But the mag- 
netism of the core is also used to pull over a vibrator K as 
in a bell; this motion of the vibrator breaks the current in 
coil B and the dying magnetic field again sweeps across the 
wires of coil A (this time in the opposite direction), and sets~ 
up a voltage in the opposite direction in coil A. When the 
magnetic field has died out of the coils, the spring brings the 
vibrator back so that a contact is made at G and it allows the 
current to rush again into coil B and thus to set up the mag- 
netic field which again generates a voltage in coil A. This 
action takes place many times a second, depending upon the 
rapidity of the motion of the vibrator. The current in coil B 
is a direct current but is not continuous because we make and 
break it continually by the vibrator in order to keep the mag- 
netic field sweeping back and forth across the wires of coil A. 

But if an alternating current is sent into coil B, it does not 
have to be interrupted in order to produce a rising and falling 
magnetic field. We have seen (from Fig. 12) that an alter- 
nating current not only grows to its greatest value and dies 
out to zero but it also reverses its direction, many times a 
second. Thus, if an alternating current flows in coil B, the 
field (1) grows in one direction, (2) dies out, and (3) grows in 
the opposite direction, and finally (4) dies out again only to 
repeat the cycle, over and over, many times a second. A 
strong magnetic field is therefore continually sweeping across 
the wires of coil A inducing a voltage in this coil every time it 
cuts the wires. Such an arrangement is called a transformer. 

15. Transformer Construction. Primary and Secondary 
Coils. The actual construction of a transformer depends 
upon the type of service for which it is designed. We do not 
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make power transformers as shown in Fig. 32 because it is 
necessary to obtain much stronger magnetic fields than we 
can set up in air. Fig. 33 shows a somewhat better arrange- 
ment, because the coils are wound over a soft iron core and 
a much stronger field can be produced in iron than in air. 
To get the best results, however, it is necessary to provide 
an iron path for practically all the magnetic flux; Fig. 34 
shows a very simple type of transformer in which an iron 
core is provided to carry the flux. 

Note that when a complete iron core is used, it is no 
longer necessary to put 
one coil inside the other. 
Even though the coils are 
separated as in Fig. 34, 
the core conducts the flux 
set up by a current in 
coil B through coil A, 


and we know that if the 
flux in A is changing, Fig. 34. In power transformers, the 
magnetic flux is produced in an iron 
core, instead of in air. 


there is a voltage induced 
in A. 

The coil to which the power is supplied is called the 
primary coil of the transformer. The coil from which power 
is taken is called the secondary coil of the transformer. Thus 
if a transformer is used to step down the pressure from 110 
volts to 6 volts, the 110-volt coil which receives power is 
called the primary and the 6-volt coil which delivers power 
is called the secondary. On the other hand, if a transformer 
is used to step voltage up from 6 volts to 110 volts, the 6-volt 
coil is the primary and the 110-volt coil the secondary. To 
avoid error, it is usually better to speak of the high-voltage 
or high-tension coil and of the low-voltage or low-tension 
coil. 

We have seen that in order to have a higher voltage across 
_ the secondary coil than across the primary coil, it is necessary 
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merely to wind the secondary with more turns than the 
primary. This is because, in a well-designed and well 
constructed transformer, the voltage induced in each turn 
of the secondary is practically equal to the voltage in each 
turn of the primary. 

Suppose we have a transformer with a single turn in the 
primary, and only one turn in the secondary. If one volt 
is impressed on the one turn of the primary coil, enough 
‘current will flow and enough magnetic flux will be produced 
to generate very nearly one volt in the single turn of the. 
secondary. If we wind the secondary with two turns and 
keep the same pressure (one volt per turn) on the primary, 
then two volts pressure will be set up between secondary 
terminals, or one volt per turn, the same as in the primary. 
If we wind the primary with 200 turns and the secondary 
with 10 turns, and impress 100 volts upon the primary ter- 
minals, then we shall have enough magnetic flux produced to 
give one-half volt in each turn of both primary and second- 
ary, and five volts will be produced between secondary 
terminals. This will be explained more fully in Chapter III. 

16. Power Transformers. It was the development of 
an economical power transformer that led American electrical 
engineers to use alternating instead of direct current where 
large quantities of power were to be transmitted over con- 
siderable distances. 

Electric power depends on two factors — voltage and cur- 
rent — the power in watts being the product of the voltage 
times the current. For a given amount of power, the higher 
the voltage is, the less the current must be. Thus 1100 watts 
may be produced by 110 volts and 10 amperes or 1100 volts 
and only 1 ampere, or any combination of voltage and current 
the product of which equals 1100. 

Since the amount of current determines the size of the wire 
required, a wire intended to transmit 1100 watts at 110 volts 
and 10 amperes would need to be about 10 times as heavy as 
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another wire to transmit the same power at 1100 volts and 
lampere. That is, to transmit power over considerable dis- 
tances, it is necessary to use high voltages and small cur- 
rents. Transmission lines designed to be operated at pres- 
sures as high as 275,000 volts are in use at the present time. 
When electric power from a line using any very high voltage 
is to be supplied to a town, it is customary to erect a trans- 
former substation just outside the town and to step the volt- 
age down from the very high values to some lower value, 
usually about 2300 volts, for distribution about the town._ 
This voltage is less likely to injure life and property in the 
district. Fig. 35 shows such a substation receiving high- 
voltage wires and sending out medium-voltage wires to dis- 
tributing transformers, D. 

17. Distributing Transformers. But 2300 volts is much 
too high for most commercial uses; 230 and 115 volts is the 
pressure required for the great mass of 
electrical appliances, such as motors, 
lamps, and radio sets. Accordingly, the 

2300-volt wires are run through the 
| streets, and wherever power is desired a 
small distributing transformer is set up on 
one of the poles, as shown in Fig. 35. 
The primary coils of this transformer are 
attached to the 2300-volt wires, and 
leads from the 115- or 230-volt secondary 
coils are brought into the house or fac- 
tory. The high-voltage terminals are 
usually connected to the high-voltage 
Fie 36(a). Fused lines through fused cut-outs, similar to 

cut-out for distri. those shown in Fig. 36a and 36b. 

bution transform- Fig. 37 shows the external appearance 

er, General Elec- of a typical distribution transformer. 

trae (0 The leads on the left-hand side are the 
primary leads, and are usually connected to the high-voltage 
lines through fuses F', F, as shown in Fig. 35. The trans- 
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former in Fig. 37, however, has a circuit breaker inside to 
protect the windings in case of overload or short-circuits. 
This circuit breaker is operated by means of the lever shown 
near the top of the case. In Fig. 38 the outer case of the 
same transformer is cut away to 
show the internal construction. Fig. 
39 shows the arrangement of the 
coils and the iron in a transformer 
of this type. ‘ The magnetic circuit 
consists of an iron shell made up 
of a central leg, around which the 


Fic. 36(6). Cut-out of Fia. 37. A modern distribution 
Fig. 36(a) in open posi- transformer. Westinghouse Elec. 
tion. and Mfg. Co. 


coils are wound, and four outside legs. This gives a mag- 
netic path through the center of the coils, and four paths by 
which the magnetic lines return to the other end of the 
central leg. This magnetic circuit is composed of thin sheets 
of annealed steel. The primary coils are insulated from the 
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secondary coils by mica shields, as shown in the diagram of 
Fig. 39. These shields prevent the high voltage of the 
primary coils from puncturing the insulation and sending 
into the secondary circuit a high voltage which would be 
dangerous to life. The coils and core are placed in a tank 
filled with transil oil. The oil carries away the heat gen- 
erated in the coils and core 
and prevents the whole ap- 
paratus from becoming too 
hot. It also aids in the insu-_ 
lation. This construction is — 
called the shell type. 


Secondary 


Mica Shields 


Oil Channels 


Fie. 38. View of transformer of Fic. 39. Relative positions of 
Fig. 37 with oil tank cut away. coils and iron in a_ shell-type 
Westinghouse Elec. and Mfg. Co. distribution transformer. 


Fig. 40 shows the other common form of distributing trans- 
formers, — the core type. Note that the coils are wound on 
two legs which are joined top and bottom. Fig. 41 shows 
the relative position of the core and the coils. 

18. Arrangement of Coils in Transformers. In most 
distributing transformers the primary circuit is divided into 
two coils of an equal number of turns and the secondary coil 
likewise is divided into two coils of an equal number of turns 
as in Fig. 42. All four terminals of the secondary or low- 
voltage coils are brought out as x, y, rz, yy of Fig. 42. Any 
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connections between the two low-voltage coils are then made 


Laminated 


SECTION A-A 


Fie. 40. Core-type transformer in Fria. 41. Core type of trans- 

which the iron is mostly surrounded former. 

by coils, instead of having coils 

mostly surrounded by core as in 

Fig. 39. 
on the outside of the case by means of these leads. Only 
two terminals of the 
high-voltage coils are 
generally brought 
outside of the case, 
as A and B, Fig. 42. 
The connections be- 
tween the two high- 
voltage coils aremade 
inside the case, by 
means of the links 
and studs, Rk, S,7T, U 
and V of Fig. 42. 

The primary leads 
A and B coming to 
the outside are con- fyq. 42. High-tension coils are marked A, 
nected to studs R _ B, and low-tension coils x, y, and xz, yy. 
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and V. Coil 3 is connected to studs R and U; coil 4 
to studs S and V. By connecting the links as shown in 
Fig. 42, the primary coils 3 and 4 are put in series. By 
swinging one link between S and F and the other between 
U and V, the primary coils 3 and 4 are put in parallel. To 
connect the low-voltage coils in series, terminal y is joined 
to zz. To put the low-voltage coils in parallel, terminal x 
is joined to xa, and y to yy. 

In the transformer of Fig. 38, the links for changing 
primary connections can be seen mounted on a porcelain 
block. However, it will be noticed that only three secondary 
leads are brought out of this transformer (see Fig. 37). This 
is because in modern practice, it is customary to use these 
transformers with the secondaries connected in series to 
supply 115 volts on either side of the center point (see 
Fig. 48). Hence, unless there is some special reason for 
wanting all the coil connections brought out, the transformer 
is supplied with the series connection already made. 

Prob. 11-2. In the transformer of Fig. 42, each primary coil is 


built to operate on 2300 volts. At what primary voltage should 
the transformer be operated with the connections as shown? 


Prob. 12-2. If each secondary coil of the transformer of Prob. 
11-2 is built to deliver 115 volts, show how the coils should be 
connected so as to deliver the maximum current at 115 volts with 
the primary connected to a 2300-volt line. 


Prob. 13-2. If each primary coil of the transformer of Prob. 
12-2 is wound with 2600 turns, how many turns must there be in 
each secondary coil? 


Prob. 14-2. A transformer as shown in Fig. 42 is built with 1250 
turns in each primary coil and is operated at 2300 volts with the 
primary coils in series. Secondary coil 1 is wound with 250 turns 
but coil 2 has 255 turns. If lead x is connected to lead xx, what 
voltage will there be between lead y and lead yy? 


19. Grounded Secondaries. Since there is always some 
danger that the low-voltage secondary wires may get into 
contact with the high-voltage primaries, either outside or 
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inside of the transformer, the neutral lead of the secondary 
coil is always grounded. Fig. 43 shows the neutral point of 
the secondary tapped at point P and brought to the ground. 
This is usually done inside the building which is supplied with 
power by the transformer. A tap from the neutral wire 
connects to the water pipe in the cellar. When it is neces- 


volts |-vults 


Fig. 43. Secondaries connected in series and tapped to a three- 
wire (single-phase) low-tension system. Neutral wire should be 
thoroughly grounded as protection to life. 


sary to ground the wire outside the building, a galvanized 
iron pipe is usually driven about 8 ft into the ground and 
the neutral wire is connected to it. A good electrical con- 
nection must always be used to ground, either a soldered 
connection or a special ground-clamp. A corroded or broken 
ground connection is worse than none. The grounding of 
the neutral point of the secondary makes it impossible, 
except under extraordinary conditions, for more than normal 
voltage to exist between the ground and any part of the low- 
voltage system. For instance, in a system installed as in 
Fig. 43, no part of the low-voltage wires can attain a higher 
pressure than 115 volts. This greatly decreases the danger 


to life and property. 


46 ESSENTIALS OF ALTERNATING CURRENTS 


Prob. 15-2. In a system installed as in Fig. 43 three wires are 
brought into the house in a conduit which is grounded. If the in- 
sulation on wire x becomes broken so that the copper wire comes inte 
contact with the conduit, what will be the result? 


Prob. 16-2. If the copper wire y, Prob, 15-2, comes into contact 
with the conduit, what will happen? 


Prob. 17-2. If the copper wire z, Prob. 15-2, comes into contact 
with the conduit, what will happen? 


Prob. 18-2. If the insulation between primary lead B of Fig. 43 
and secondary lead z breaks down, what will be the greatest voltage _ 
between the ground and the lead 2? ; 


20. Conduit Rule for Alternating-current Circuits. The 
circular magnetic field around a wire carrying alternating 
current is continually spreading out into wider circles, then 
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Fie. 44. Putting a single wire of any a-c circuit in an iron conduit 
leads to excessive voltage drop in the circuit and heating of the con- 
duit, due to the varying magnetic field set up in the iron. 


contracting into smaller and smaller circles until the magnetic 
field dies out. Then the field spreads out again, only with 
the magnetic field acting in the opposite direction, and again 
contracts and dies out. The field does this 60 times each 
second around a wire carrying a 60-cycle current. If such 
a wire were installed in a metallic conduit the magnetic lines 
would sweep across the metal of the conduit four times 
each cycle as shown in Vig. 44: first, as they spread out in 
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one direction; second, as they contracted; third, as they 
spread out in the opposite direction; fourth, as they again 
contracted. This would cause them to cut the metallic 
conduit 4 < 60 or 240 times each second, and electric currents 
would be set up in the conduit which would waste power and 
heat the conduit. 

For this reason, when it is advisable to run in a metallic 
conduit, a wire carrying an alternating current, all the return 
wires for that current are also run inthe same pipe. Since the 
return wires are at all times carrying a current of strength 
equal to that in the line wire and in opposite direction, the 
magnetic fields at all instants are exactly equal and opposite 
to each other and thus neutralize each other. 

21. Special-purpose Transformers. Oneof theadvantages 
of the use of alternating current is the ability touse the lighting 
and power circuit for the operation of radio equipment, con- 
trol and signalling equipment, electric fee oil-burner igni- 
tion, etc. All of these applications “ 
require small transformers, and many 
of our modern comforts and conven- 
iences are available largely because 
these small transformers can be built 
at low cost. 

One of the most common types is 
the bell-ringing transformer, an ex- 
ample of which is shown in Fig. 45. [| oe 
A unit of this type is usually built (aaa 
to deliver about 10 volts on the sec- —- Face 
ondary side, with the primary con- p,, 45 mall trans- 
nected to the 115-volt supply. former for operating 

A modern radio receiver will often door bells. Westing- 
contain four different types of trans- house Hlec. and Mfg. 
formers. The main powertransformer C0. 
is built with a single primary coil which connects to the 115- 
yolt line. It will have a secondary coil delivering 600 volts 
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or more to a rectifier and “ smoothing” circuit which pro- 
vides high-voltage direct current for the plates of the vari- 
ous tubes. In addition, other secondary windings are placed 
on the same iron core, and from these 
lower voltages (2 to 8 volts) are ob- 
tained to heat filaments of tubes and to 
light the dials. 

The radio waves which are received by 
the antenna produce currents of very 
high frequency in the receiver. Ordi- 
nary transformers cannot be used for 
stepping up the voltage of these high- 
frequency currents because of the large 
amount of power which would be needed 
to set up the magnetic field in the iron. 
Many of these high-frequency trans- 
Fig. 46. High-fre- formers are therefore built without iron 

quency transform- cores and consist merely of two coils 

er for use in radio 4Jaced near each other. Recently, how- 
receivers. The core : 

traci Bee ne type of iron core has been 

dered iron alloy developed for such use. The core is 

held in shape by 2 made of special “ low-loss ”’ iron alloys 
chemical binder. which are first powdered and then 

Poh sheei Mfg- mixed with a chemical binder and 

; molded into the desired core shape. 
Fig. 46 illustrates a transformer of this type for use 
in the ‘ intermediate-frequency ” stages of a radio re- 
ceiver. 

In many applications, it is desirable to be able to vary the 
secondary voltage of a transformer. Usually this is done 
by providing ‘ taps’? in the winding so that by changing 
connections the number of secondary turns actually used 
can be varied. There is also now available a transformer 
built with a sliding contact which can be moved over part 
of the secondary winding, and thus vary the number of 
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secondary turns used in the circuit. Fig. 47 shows a trans- 
former of this type, which is called a Variac.* 


Fia. 47. A variable-voltage transformer in which a sliding contact 
is used to change the number of secondary turns used. General 
Radio Co. 


SUMMARY OF CHAPTER II 


An ALTERNATING CURRENT is one which rises in strength to 
a maximum in one direction, then subsides and reverses, rises 
in strength in the opposite direction and again subsides, re- 
peating this complete set of changes over and over in equal 
periods of time. 

A CYCLE is one complete set of values or changes in both 
directions. The number of cycles completed in one second is 
called the FREQUENCY. In the United States, the frequencies 
used for distribution of current for motors, lights and heating 
appliances have been standardized at 60 cycles or 25 cycles per 
second. 

A required amount of power (watts) may be had as a small 
current (amperes) at a high pressure (volts), or as a large cur- 


*The name Variac is a copyrighted name applying only to the 
variable-voltage transformers manufactured by the General Radio Co. 
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rent at a small pressure, so long as the product (volts x am- 
peres) is the same. Large currents require correspondingly 
large wires to carry them. 

To transport power economically in large quantities or over 
long distances much higher pressures must be used for trans- 
mission than can be applied to the distributing circuits where 
power is consumed. This is accomplished by means of trans- 
formers. 

The TRANSFORMER consists of two sets of coils wound over 
the same iron core; one set, the PRIMARY, receives current 
and power and produces flux or ‘‘ lines ’’ of magnetism in the 
core, which periodically change in value and direction, or alter- 
nate, like the current. The changing flux ‘‘ cuts ” the other set 
of coils, the SECONDARY, which thereby has generated in it a 
voltage and will deliver current and power if an external circuit 
be completed between the secondary terminals. 

The RATIO OF VOLTAGE between primary terminals to volt- 
age between secondary terminals is very nearly the same as 
the ratio of primary turns in series to secondary turns in series, 
in well-designed transformers of the most usual types. When 
this ratio is greater than one, we have a STEP-DOWN trans- 
former; when it is less than one, we have a STEP-UP trans- 
former. The same transformer may be used either to step 
down or to step up the voltage. 

Any conductor carrying electric current is surrounded by a 
circular magnetic field, or circular ‘‘ lines of force ’? around the 
conductor. The direction of the lines or flux of magnetism at 
any place is assumed to be the direction in which the north- 
seeking pole of a compass needle would point at that place. If 
the wire be grasped in the right hand so that the fingers point in 
the direction of the magnetic flux or compass needle, then the 
thumb will point in the direction of current flow in the conductor 
which produces that flux. 

In general, a voltage is produced or ‘‘ induced ” in any wire 
when it is located in a CHANGING magnetic field. The voltage 
may be produced by movement of either wire or magnetism 
relative to the other, or by a change in strength of magnetic field 
surrounding a motionless wire. The voltage is produced only 
while such changes are occurring. Dynamo machines illustrate 
the former, and alternating-current transformers the latter. 
There is a definite relation always existing between direction of 
magnetic flux or lines, of motion, and of induced voltage due to 
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the motion, which may be remembered by rules such as given 
in Art. 10 and illustrated in Fig. 17. 

The MAGNETIC STRENGTH of an electromagnet, or of a coil 
carrying current, is proportional to the product of amperes x 
turns, or to the total number of AMPERE-TURNS. This enables 
us to determine the strength of magnets. 

All wires belonging to the same circuit or system must be run 
side by side in the same iron conduit, otherwise there will be a 
large pressure-drop in the circuit and an excessive amount of 
power will be lost from the electric circuit to the iron conduit, 
which not only is bad economy but also overheats the conduit 
and increases the fire risk. Metal conduits enclosing electric 
circuits are usually grounded by making metallic connection to 
water pipes or to the steel frame of a building. The neutral of 
a three-wire system is usually grounded in similar manner. 


PROBLEMS ON CHAPTER II 


Prob. 19-2. In a certain automobile, the engine turns 3.5 times 
for each revolution of the wheels. If the outside diameter of the 
tires is 30 inches, at what frequency do the pistons oscillate when 
the car is driven 40 miles per hour? 


Prob. 20-2. In Prob. 19-2, how fast would the car have to travel 
to have the pistons oscillate at 60 cycles per second? 


Prob. 21-2. A certain cyclic phenomenon is observed and it is 
found that it reaches its positive maximum once every 4 hours. 
What is its frequency? 

Prob. 22-2. Ina 60-cycle circuit, what interval of time (seconds) 
elapses between a zero value of voltage and the next maximum? 
What time elapses between a maximum value and the next maxi- 
mum value in the same direction? Between maximum values in 
opposite directions? 


Prob. 23-2. Answer Prob. 22-2 for a voltage at a frequency of 
1,250,000 cycles per second picked up on a radio antenna. 

Prob. 24-2. There is a time interval of 0.0025 second between 
two successive zero values of alternating voltage in a certain circuit. 
What is the frequency in cycles per second? 

Prob. 25-2. Unless they are closely fitted to each other, there 


is likely to be a very noticeable chatter between an alternating- 
current electromagnet and its keeper or armature. How many 
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blows or vibrations per second are there in this noise, if the 
magnet is energized from a 60-cycle circuit? If from a 25-cycle 
circuit? 

Prob. 26-2. Explain how you can determine the direction of 
current in a circuit, or the electrical polarity of the circuit, by aid of 
a compass. 

Prob. 27-2. In Fig. 48, the north 


. pole of the compass needle points to 

B the end of the coil shown when a 

Compass direct current flows in the coil C. 
Nodes \ What is the direction of the current in 
S A the coil? 


Fic. 48. Is the current in ; 
the doll Bowing trom oft Prob. 28-2. If the current flowing 


> Oy Ree Bie A? in the coil of Prob. 27-2 were alter- 
: ; nating at 60 cycles per second, how 
would you expect the compass needle to behave? 


Prob. 29-2. How will a compass point: 
(a) When laid on top of a bus-bar carrying direct current? 
(6b) When the bus-bar carries alternating current? 


Prob. 30-2. How would a compass needle behave when held be- 
tween the blades of a two-pole knife switch carrying (a) direct cur- 
rent, (b) alternating current? 


Prob. 31-2. The electromagnet shown in Fig. 49 is wound with 
two separate coils. Each coil has the same resistance and is 
designed to operate on a 115-volt d-c circuit. 


(a) How should the coils 
be connected for operating Tron Core 
the magnet, at maximum ' 
strength, on a 115-volt cir- 


cuit? A BC D 
(b) How should the coils be Fra. 49. An electromagnet with two 
connected for operation on a coils. 


230-volt circuit? 


(c) Compare these two connections with respect to the strength 
of the magnet produced. 


Prob. 32-2. In Fig. 49, the terminals B and C are connected to 
the positive terminal of a dec circuit, and A and D are connected 
to the negative side of the line. Sketch the magnetic field thus 
produced, showing the directions of the lines of flux, 
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Prob. 33-2. With a magnet connected as in Prob. 32-2, in what 
direction will the north pole of a compass point when brought near 
the end of the magnet adjacent to the terminal D? How will the 
compass needle behave when brought opposite the terminals 
B and C? 


Prob. 34-2. Show that the rule given in Art. 13 for the polarity of 
an electromagnet is really the same as (or follows from) the “ Thumb 
Rule” given in Art. 11 for the magnetic field around a straight 
wire. 

Prob. 35-2. Explain why the voltage induced in a coil by a 
change in the number of lines or amount of magnetic flux passing 
through it, is increased in proportion to the increase in the number 
of turns in the coil. How would you wind a coil so that no voltage 
would be set up in it, regardless of how the flux might change? 


Prob. 36-2. It was stated in Art. 15 that “ the voltage in each 
turn of the secondary is practically equal to the voltage in each turn 
of the primary.” Actually, the secondary voltage per turn (with 
no load on the secondary winding) is slightly less than the primary 
voltage per turn. How do you explain this? 


Prob. 37-2. In what direction would the induced electrical 
pressure in the wire of Fig. 17 be, if it were moved along the side of 
the magnet from the north pole to the south pole, while being kept 
parallel to the position shown? 

Prob. 38-2. Describe the pressure that would be induced in the 
wire of Fig. 18, if it were: (a) Moved parallel to itself from S toward 
N; (6) rotated about an axis passed through the letters S, N. 


Fig. 50. Terminal block for high-tension coils. 


Prob. 39-2. The Wagner Electric Mfg. Co. use in some of their 
transformers a high-voltage terminal board arranged as in Fig. 50. 
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The connections from the primary coils to the board are shown in 
Fig. 51. Each primary coil consists of 1760 turns and each 
is tapped at A so that there are 1520 turns in each coil on one side 


Fig. 51. Showing how terminal block of 
Fig. 50 is tapped to the high-tension 
coils. 


of A and 240 turns on the 
other side. Each of two 
secondary coils has 184 
turns. When the links 
are arranged as in Fig. 
50, what is the voltage 
between the secondary 
terminals? 

(a) When the second-~ 
ary coils are in parallel? 

(6) When the second- 
ary coils are in series? 

Prob. 40-2. How would 
you arrange the links on 
the primary connection 
board of the transformer 
of Prob. 39-2 (Fig. 50), 


if the transformer was to be used on a line of 950 volts? 


Prob. 41-2. What would be the voltage between the low- 
voltage terminals of a transformer connected as in Prob. 40-2 if the 


secondary coils were 
(a) In series? 
(6) In parallel? 


Prob. 42-2. Show the link arrangement of the transformer of 
Prob. 39-2 if it is to be used on 2200-volt line. 


Fie. 52. 


Prob. 43-2. (a) On what voltage can the transformer of Prob. 


39-2 be used if connected as in Fig. 52? 


(6) What would be the voltage across each secondary coil? 
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Prob. 44-2. Show the link arrangement for the transformer of 
Prob. 39-2 if it is to be used on a 2050-volt line. 


Prob. 45-2. Using the transformer of Prob. 39-2, how should the 
primary be connected across a 1100-volt line in order to induce the 
least possible secondary voltage? What is the value of the voltage 
thus produced? 


Prob. 46-2. What is the greatest voltage that can exist between 
the ground and any part of the low-voltage system in case of a break- 
down at any one point between the primary and secondary coils of 
the transformer in Fig. 43? 


Prob. 47-2. If the conduit of Prob. 15-2 were not grounded and 
the copper wire x came into contact with the conduit, what voltage 
would a person be subjected to who stood on the ground and touched 
the conduit? 


Prob. 48-2. The following tests were made on the secondary 
leads labeled 1, 2, 3, 4 of a transformer. Voltage between 1 and 2, 
2and 4,1 and3,3and4=0. Voltage between 2 and 3, 4 and 1 = 
115. 

When 1 and 2 were joined, the voltage between 3 and 4 was 230. 

When 3 and 4 were joined, the voltage between 1 and 2 was 230. 

When 2 and 4 were joined, the voltage between 1 and 3 was zero. 

When 1 and 3 were joined, the voltage between 2 and 4 was zero. 

(a) Make a sketch showing how the secondary coils were con- 
nected to the terminals and indicate the directions of the voltages 
in the coils at any particular instant. 

(b) How should the coils be connected for 115-volt operation? 


Prob. 49-2. A three-wire supply is desired for a factory using 
230-volt motors and 115-volt lamps. This power is to be obtained 
from a 1150-volt distribution line using a transformer as shown in 
Fig. 43. The primary winding consists of two coils connected in 
series, and each coil being wound with 1200 turns. How many 
turns are required in each secondary coil? 

Prob. 50-2. Suppose that the supply in Prob. 49-2 is to be 
obtained from a 4600-volt line, and the only transformers available 
are like the one described in Prob. 49-2. Show how these trans- 
formers should be connected to feed the three-wire low-tension 
circuit. 


CHAPTER III 
IMPEDANCE 


WueEn the primary of a certain bell-ringing transformer 
was connected for a few moments across a 115-volt direct- 
current line, it was found that a current of 8.5 amperes 
flowed in the coil. If allowed to continue, this current 
would have quickly burned out the winding. 

From these figures the resistance of the primary coil may 
be found, since 


Direct voltage 


Resistance ~ Direct current 
115 
=e 13.5 See 


When the primary coil was placed on an alternating-current 
line of 115 volts (60 cycles), only 0.06 ampere flowed. Since 
this small current value would not overheat the coil, the 
transformer could be left attached to the alternating-current 
circuit for an indefinitely long time. 

Now, if the resistance of the primary coil were the only 
thing which had restricted the flow of alternating current, 
we could be sure that the value of the current would have 
been as follows: 


Voltage 
Resistance 


115 
Ce a 8.5 amperes. 


Current = 


This is the value of the direct current which flowed when the 
voltage was direct but it is many times greater than the 
current which the a-c voltage forced through the coil. 

56 


IMPEDANCE 57 


22. Impedance. Thus it is clear that when a transformer 
coil is connected to an alternating-current circuit there is 
something other than the voltage of the circuit and the resist- 
ance of the coil that determines the flow of alternating current. 

This something which restricts the flow of an alternating 
current, we call the impedance of the circuit, and it is equal 
to the quotient of the alternating voltage divided by the 
alternating current. The impedance is measured in ohms 
just as is the resistance; but, unlike true resistance, the value 
of impedance depends upon the arrangement of the electrical 
circuit and its surroundings, and upon the frequency. 


Alternating voltage 
Alternating current 


Thus, Impedance = 


In the case of the primary coil of this bell-ringing trans- 
former, 

Alternating voltage | 

Alternating current 

map ete 

~ 0.06 

= 1917 ohms. 


Impedance = 


The impedance of this coil is therefore about 140 times 
greater than its resistance. Since it is the impedance which 
limits an alternating current, while a direct current is limited 
by the resistance only, it is easy to see why such a coil would 
soon burn up if connected to a direct-current line of the same 
voltage as the a-c voltage of the coil. 


Prob. 1-3. If the above transformer coil were connected to a 
90-volt a-c circuit, what current would it take? The frequency of 
the 90-volt line is the same as that of the 115-volt line above. 


Prob. 2-3. A certain radio filament-heating transformer has a 
resistance of 4.8 ohms in the primary coil. What current will 
flow in the primary when it is connected across a 120-volt d-c circuit? 
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Prob. 3-3. The impedance of the coil in Prob. 2-3 is 644 ohms 
at 60 cycles. What current will this coil draw from a 120-volt, 
60-cycle circuit? 


Prob. 4-3. In order to measure the resistance of the coil in 
Prob. 2-3, it is to be connected in series with a protective resistance 
and an ammeter, and the series combination is to be connected 
across a 120-volt d-c line. If the maximum allowable current in 
the coil is 2.6 amperes, what is the smallest protective resistor 
which can be used? The resistance of the ammeter is negligible 
compared to the total resistance. 


Prob. 5-3. The impedance of a certain appliance is 52 ohms at 
60 cycles. If this device can take 10.6 amperes safely, at what ~ 
60-cycle a-c voltage can it be operated? 


23. Why the Impedance Is Usually Greater than the Re- 
sistance. In the example given in the preceding article, the 
impedance of.the circuit was much greater than its resistance. 
As we will see in Chapter V, the impedance is always at least 
as great as the resistance and in most cases is greater. We 
can learn more about the nature of these relations by some 
simple tests. 

For our test circuit, let us take 345 ft. of No. 12 copper 
wire with a cotton cover and string it up as “line and 
return.” This wire has a resistance of 0.55 ohm, so that 
we would not be safe in connecting it across a 110-volt, d-c 
generator. If we did this, it would allow about 200 amperes 
to flow, which would melt the wire. Therefore, let us put 
only 11 direct volts across it. An ammeter now indicates 
20 amperes direct current, a safe current for this wire when 
it is strung up as a line in free air. The resistance is 44, or 
0.55 ohm. Similarly, we would not be safe in placing this 
wire across the terminals of a 110-volt, 60-cycle, a-c generator, 
as approximately 200 amperes would flow. Accordingly, we 
will try 11 volts alternating current, at the same frequency 
of 60 cycles. An a-c ammeter reads now about 20 amperes, 
showing that the impedance of the wire so arranged is 
approximately the same as the resistance, 44, or 0.55 ohm. 
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Now let us wind this same wire on a round wooden core 
20 inches long and 11 inches diameter. There would be 
about 1050 turns on this core, which would constitute a 
weak electromagnet, as in Fig. 53. If we put the coil across 
the 11 volts direct current, as we did the straight wire, an 
ammeter again indicates 20 amperes, showing that, in shaping 
the wire into a weak electromagnet, we have not changed, 
in the slightest degree, the resistance it offers to the flow of a 
direct current. The resistance is still 44, or 0.55 ohm. 


050 Turns 


Fie. 53. A weak electromagnet made by winding wire on a wooden 
core. 


But if we put it across the 11 volts, alternating at 60 cycles, 
we find that an a-c ammeter indicates a little less, about 


14.7 amperes. The impedance has become a or 0.75 


ohm. Without changing the wire in any way except to wind 
it into the form of a weak electromagnet, we have increased 
the impedance about 35 per cent, while the resistance has 
not been changed in the slightest degree. 

Examining this effect more closely, we find that in winding 
this piece of wire into the form of a coil, we do change its 
behavior in one important respect. As a straight wire 
carrying current, it sets up a magnetic field in its own 
vicinity, but the strength of the field is very small. Wound 
on a wooden core, as in Fig. 53, each part of the wire is now 
located in the combined magnetic field of itself and its neigh- 
boring portions of wire, and the total field produced is 
stronger. 

Suspecting that a change in the magnetic properties of the 
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coil may have some influence on the impedance, let us make 
as strong a magnet as is convenient, of the same dimensions 
as the coil with the wooden core. We shall, accordingly, 
wind the 345 ft. around a soft iron ring of 5 in. inside diameter, 
made of round 11-in. stock as in Fig. 54. The length of the 


Fia. 54. A strong electromagnet made by winding the wire of 
Fig. 53 on an iron ring. 


iron core would be nearly equal to the length of the wooden 
core and the 345 ft. of wire would again make 1050 turns 
on this ring, as on the wooden core. If we now place this 
coil across 11 volts direct current we will find that the 
ammeter again indicates 20 amperes. In winding the wire 
about an iron ring so as to make a strong electromagnet we 
have not changed, in the slightest degree, the resistance 
which it offers to the flow of the direct current. The resist- 
ance is still 44, or 0.55 ohm. 
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Now, however, we try it across 11-volt, a-c, 60-cycle 
mains. An ammeter in the circuit reads about 74, of an 
ampere only. Apparently the impedance has been greatly 
increased. In fact, we can now connect. the coil across 
115-volt, 60-cycle mains, and only about 0.15 ampere will 
flow. 

In winding the wire around the iron ring, therefore, we 
have increased more than a thousandfold the impedance 
which it offers to the flow of this alternating current. The 
impedance has now become about a or 767 ohms. Let us 
consider the causes of this great increase in the impedance. 

24, Inductive Reactance. We started with a wire which, 
when stretched out approximately straight, offered only 
0.55-ohm resistance to the flow of a direct current and the 
same amount of impedance to the flow of an alternating 
current. Without changing it in any way except merely to 
wind it about a piece of iron so as to form a strong electro- 
magnet, we raised the impedance to over 760 ohms. This 
figure is so great that when we compare it with the original, 
0.55 ohm, we see that practically all this impedance is due to 
winding the wire around the iron. In speaking of the im- 
pedance of the coil we can thus neglect the original 0.55 ohm 
due to resistance, and say that practically the whole imped- 
ance of the wire is the result of winding it into a coil so 
that it sets up a strong magnetic field when a current flows 
through it. 

When the impedance of a circuit carrying alternating 
current is greater than its resistance, we say that this circuit 
possesses reactance; that is, there is some condition present 
in the circuit which reacts against the applied voltage and 
hinders it from forcing through as large an alternating current 
as we would expect, judging from its resistance to a direct, 


current. 
When this reactance in a circuit is largely due to the 
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magnetic field which a current will set up about it, we call 
the reactance an inductive reactance. Now we have seen 
that the inductive reactance is practically zero in the case of 
a short, straight line, about which a current produces a very 
weak magnetic field. But the inductive reactance of a coil 
made of the same piece of wire is quite noticeable, when the 
circuit is coiled into even a weak electromagnet, and very 
great when a strong electromagnet is produced. There 
seems to be something about this magnetic field, then, which 
produces this counter action or, as we have called it, this_ 
reactance. 

In a circuit carrying direct current we know that sometimes 
such a strong reaction is set up that the current is cut down 
below the value which we would expect from Ohm’s law. 
This always happens whenever a motor is running on the 
circuit. We measure the resistance of the motor with the 
armature at rest and find it very low, and perhaps expect 
the motor when running to take a current which shall have 
volts across motor 
resistance of motor 
But we find that the machine takes only a small fraction of 
this current. On investigation we decide that this great 
decrease in current, or large increase in apparent resistance, 
is due to the fact that when the armature is revolving, the 
conductors on it cut through the magnetic field and set up a 
back voltage which opposes the flow of the current. When 
the armature is standing still there is no back voltage and 
the current would be very great (as indicated by the fraction 
above) if the same voltage were applied. The faster the 
armature moves, and the stronger the motor field, the greater 
the back voltage that is produced, and the smaller the current 
through the armature. 

If we investigate the reactance of a circuit carrying alter- 
nating current, we shall see that a similar process takes place. 
The circuit offers no reactance to an electric current unless the 


the value expressed by the fraction 
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conductors of the circuit are cut by the magnetic field. When 
we try to send an alternating current through the coils in 
Fig. 53 and 54, the current is continually changing in value 
and direction. The magnetic field is thus continually being 
built up in one direction, reduced to zero, and built up in the 
opposite direction. In this process, the lines of force must 
cut the wires of the coil again and again. The stronger the 
field the greater the voltage thus set up. From an inspection 
of Fig. 55, which represents a section of a coil, we can see 
that the voltage induced in the wire by this cutting, in each 
instance, is always opposed to the change of the current 
which produces the mag- 
netism. Thus, if a current 
is trying to increase, the 
magnetic flux, increasing 
and spreading, cuts the wires 
in such a direction as to 
oppose any increase of the 
current. If the current is Pye. 55. The growing or dying mag- 
trying to decrease, the lines netic field around each turn of the 


of the dying magnetic field circuit, due to the increasing or de- 


eutale wires in sucha diz creasing current in it, cuts the other 
parts or turns of circuit in such man- 


rection as to oppose the ner that the voltage induced tends 
decrease of current, or SO to oppose the change of current. 
as to maintain the current. 

Consider Fig. 55. Assume that a current is growing in 
the coil. A field immediately begins to grow out from each 
turn of wire, as for instance from A, which spreads and 
sweeps the wire As, from right to left. This is equivalent to 
the wire A; cutting to the right across the lines as is shown in 
Fig. 56. Thus a voltage is set up which tends to send a cur- 
rent out at A; in the opposite direction to the current which is 
being established in it by the line voltage. This action takes 
place in all the wires as the current grows. The spreading 
field about each wire cuts the other wires in such a direction 
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as to set up a reacting voltage which opposes the growth of 
the current. A growing current is thus “ choked” back in 
any coil where the field is strong and where the turns are 
numerous and close together. 

By using the same figures, 55 and 56, and assuming the 
current to be dying out, we see that the lines in the dying 
field will now sweep across the wires in the opposite direction 
and set up a reacting voltage which tends to keep the current 

in these wires from dying out. Thus the 

necessary action of dying is also impeded, . 

A}, and it is easy to see that such reactions 

can greatly hinder an alternating cur- 

rent from flowing through a coil even 

though the resistance is almost zero. 

The action of the coil in Fig. 54 ina di- 

Ag rect-current circuit is also explained. When 

a direct current has once reached a 

steady value it remains constant. There- 

Fic. 56. In Fig. 55, fore, once a steady direct current is estab- 

ae as ene pi lished, the field also remains constant 

3s Move O e i by % 

tse tn nd cling ct the Iie takes pes 
flux set up by turn : 

ae the flow of the direct current than the 

resistance which the wire affords. But 
we might expect that it would be difficult to start even a direct 
current flowing, and such is the fact. Fig. 57 shows a curve 
plotted from data taken to investigate the time required to 
get a direct current up to its full value, the circuit containing 
astrong magnet coil. The coil had a resistance of 11 ohms, 
and was put across 110 volts, direct current. Note that 0.9 
second elapsed after the circuit was closed, before the current 
reached its normal value of 10 amperes. The inductive prop- 
erty of the circuit opposed its growth by setting up a back 
voltage. 


The opposition to the decrease of a current in an inductive 
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circuit is seen in the flash which takes place when the field 
switch of a large generator is opened. The sudden interrup- 
tion of the field current causes the powerful magnetic field to 
decrease very rapidly and a very high voltage is thus set up in 


2 zs 6 8 1.0 
Time in Seconds 


Fic. 57. Curve showing the time required 
to set up a direct current in a strong magnet 
coil. 

the field coils. This voltage is high 

enough to break down the air path be- 

tween the switch blade and clip and 
an arc is started. 

This arc is so destructive to the copper 
blades of the switch that special switches 
are put in a field circuit which reduce 
the current gradually, not instanta- 
neously. One of these field discharge 
switches is shown in Fig. 58. When the 
blades B are withdrawn from the clips, 
it does not disconnect the field from 
the power which is across the upper 
clips, because the spring blades SS 


are still held in the clips by their friction. 


(as 


ini), 
; j sd 
R 
Fie. 58. A field- 
discharge switch. 
Field winding be- 
comes shunted by a 
resistance FR just 
before power is dis- 
connected; as mag- 
netic energy of field 
is discharged into R 
the field current 
dies slowly, and 
only moderate volt- 
age is induced by 
the slowly dying 
magnetic flux. 


When the 


main blades B are withdrawn from their clips, the blade 
X comes in contact with the clip Y. This connects a 
resistance across the field terminals, because a resistance 
R is connected ‘across Y and By. as shown. As the handle 
is pulled farther down, the spring blades SS fly out and 
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disconnect the power from the field and the resistance R. 
But before the spring blades disengage from the upper clips, 
the blade X makes contact with the lower clip Y. Thus the 
field is never opened. It is merely connected to a resistance, 
and the power is then disconnected. The voltage induced in 
the field coils by the dying magnetic flux produces a current 


Fig. 59. A General Electric three-pole oil switch. The oil in the case 
(shown in position in right-hand view) smothers the are formed be- 
tween points A and B as the switch is opened. 


through this resistance; thus the energy stored up in the 
magnetic field, when the current was compelled to increase 
against the induced back voltage, now reappears as heat in 
this resistance instead of an are at the clips of the switch. 
Destructive arcing is also prevented on circuits which have 
large inductive properties, by means of oil switches such as 
shown in Fig. 59. This represents a 3-pole switch, the break 
occurring at the points between A and B. These points are 
immersed in oil which is held by the case — here shown 
lowered in order to make the construction clear. The oil 
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smothers the are and saves the contact points from being 
fused or roughened. 

There is greater damage likely to be done than the burning 
of the switch contacts when the field current is suddenly 
stopped. The dying lines of the magnetic field sometimes 
sweep in such great numbers and so rapidly across the wires 
in the field coils, and so high a voltage is thereby set up, that 
it punctures the insulation and puts the field coils out of 
service. The special switch shown above prevents this by 
closing the field circuit through a large resistance, which 
allows the field current to die out slowly, and so a smaller 
voltage is induced. 

25. Lenz’ Law. Enough has been shown concerning 
the effects of a strong magnetic field upon the electric circuit 
within it, to bring out the law which was first stated by Lenz 
and is, therefore, called Lenz’ law. It states in part that: 

While any change is being made in the magnetic field of 
an electric circuit, a voltage is induced which opposes the 
change. 


Thus we have seen that when a current was growing, and 
in so doing was setting up a magnetic field, a voltage was 
induced in the opposite direction, so that it opposed this 
growth of the current and of the magnetic field. If the 
growing current had set up no magnetic field there would 
have been no opposition to its growth. The whole reaction, 
or opposition, is due to the creation or the destruction of a 
magnetic field which cuts across the wires composing the 
circuit and so induces the reacting voltage. 

Since the magnetic field set up by an alternating current is 
continually changing, this induced back voltage is continu- 
ally acting and thus continually limits the current through- 
out the system. 

26. Inductance. When such a back voltage as we have 
described above is set up by these changes of current we say 
that the circuit is inductive, or contains inductance. Induc- 
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tance may be defined, then, as that magnetic property of a cir- 
cuit which causes it to oppose any change in the current flow- 
ing. 

If there is no current flowing, the inductance opposes the 
start and growth of one. If a current is already flowing, the 
inductance of a circuit opposes either any decrease or any 
increase of this current. Inductance in an electrical system 
is similar to inertia in a mechanical system, which opposes any 
change in the speed of a body. Thus, if we are standing in a 
rapidly moving car and the motorman applies the brakes, we. 
feel a strong tendency to go forward in the car and we have to 
brace our feet in order to remain standing. It is the inertia 
of our bodies which is urging them to keep moving in the same 
direction and at the same rate while the feet are being re- 
tarded by the car. The inertia of our bodies is thus opposing 
the change of the speed at which they are moving just as the 
inductance of the electric circuit opposes any change of cur- 
rent flowing. When we try to stop an electric current, the 
inductance of the circuit tends to keep it going. 

Similarly, when a car suddenly starts up, we feel a strong 
tendency to take a step toward the back of the car. This 
tendency is again due to the inertia of our bodies, which 
opposes the change in motion (that is, the speeding-up 
process), just as the inductance of an electric circuit: opposes 
the start and growth of a current. 

In fact, it is a universal law which apparently applies to all 
branches of science, that if we wish to make any changes we 
must overcome some force which tends to keep things as they 
are. 

The force which tends to keep the current as it is in an 
electric circuit is the back voltage which the inductance of 
the circuit sets up whenever the current changes. 

27. Why the Transformer Voltage Depends upon the 
Number of Turns in the Coil. We have seen that if we 
wind on an iron circuit a coil of wire having a resistance of 
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only 0.55 ohm, and place it across a 115-volt, 60-cycle line, it 
will draw only about 0.15 ampere from the line. The reason 
for this, we have seen, is the fact that, in the turns of the wire, 
a back voltage is induced which chokes back the current. If 
115 volts are able to force but 0.15 ampere through only 
0.55 ohm resistance, this back voltage must be very nearly 
equal to the impressed 115 volts. For it takes but 0.15 x 
0.55, or 0.08 volt, to force 0.15 ampere through 0.55 ohm. 
Thus, at the least, the back voltage must equal 115 — 0.08, 
or 114.92 volts, which value for all practical purposes equals 
115 volts.* 

If, therefore, there are practically 115 back volts induced 
in the wire and the coil of wire had 1050 turns (page 60), 
then in each turn there would be induced +45,, or 0.11 back 
volts, because each turn surrounds the same magnetic 
flux. 

Now if we wound another coil of wire on the core, there 
would be induced in each turn as many volts as are induced 
in each turn of the main coil, because this induced voltage 
is merely caused by the magnetic lines of force cutting turns 
of wire. It makes no difference, we have seen, whether these 
turns of wire are in the same coil to which the power is ap- 
plied or in other coils. Suppose, therefore, we wound on this 
iron core another coil having 23 turns. In each turn of this 
coil also, there would be induced 0.11 volt. This second 
coil would, therefore, have a voltage of 23 X 0.11, or prac- 
tically 2.5 volts between its terminals. We would thus have 
a transformer suitable for heating the filaments of 2.5-volt 
radio tubes. 


Prob. 6-3. How many turns of wire would have to be wound on 
the core in the above example, in order to get 550 volts from the 115- 
volt line, using the coil of 1050 turns as the primary coil? 


* For reasons which will appear in Chapter V; the back voltage is 
even greater than 114.92 volts. 
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Prob. 7-3. It is desired to use the 1050-turn coil of the trans- 
former of Prob. 6-3 as the secondary at 115 volts, and to take power 
from an 2300-volt, 60-cycle line. How many turns must be used 
in the primary coil? 


Prob. 8-3. There are 1800 turns in each of the two primary coils 
of a transformer, which are designed to be connected in series across 
a 5500-volt line. 

(a) What is the back voltage per turn of the primary coils? 

(6) What is the induced voltage per turn of the secondary coils? 


Prob. 9-3.‘ How many turns must each of two secondary coils 
have in the transformer of Prob. 8 if they are to deliver 115 volts. 
when joined in parallel? 


Prob. 10-3. What would be the total voltage of the secondary 
coils of the transformer in Prob. 9 when they are joined in series? 


Prob: 11-8. The primary of a certain radio transformer is 
wound with 460 turns and is to be energized from a 115-volt, 60-cycle 
line. This transformer is to have separate windings to deliver 
700 volts, 5 volts and 2.5 volts. How many turns must there be 
in each of the secondary coils? 


28. What Happens when the Secondary Coil Delivers 
Current toa Load. In all of the previous examples, we have 
been considering the action of transformers with the second- 
ary coils open and therefore carrying no current. Let us 
now consider what happens when a load is attached to the 
secondary coils and a current is drawn from them. 

Fig. 60 shows a transformer having a primary of 2300 turns 
connected through an ammeter Ap to an 1150-volt line. 
The secondary winding consists of 230 turns; by closing the 
switch S, the secondary will supply current to a group of 
lamps, and the secondary current will be indicated on the 
ammeter As. 

As Fig. 60 is drawn, there is no load on the secondary. 
However, the lamp bank is known to require a certain current, 
say 10 amperes, and the secondary must be large enough to 
supply this load. Although no current is flowing in the 
secondary, there will be a current in the primary, the amount 
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depending on the primary impedance. An average value of 
primary impedance (at 60 cycles) for a transformer of this 
size is 25,000 ohms. The current in the primary therefore 


1150 shee 
equals 25,000’ or 0.046 ampere. This is called the exciting 


current. 

If we now attach the lamp bank to the secondary coils by 
throwing the switch S, the ammeter Ag will show that 10 
amperes are flowing in the secondary: coils. The ammeter 
Ap will also indicate somewhat over 1.00 ampere, showing 
that a current of about 1 ampere is now flowing'in the pri- 
mary coils, 


Fic. 60. When the secondary ammeter Ag reads zero, the primary 
current read on Ap is very small. When the switch S is closed, the 
ammeter Ag reads the secondary current taken by the lamps. The 
primary current through A, then becomes about #800, or about 
one-tenth, of the the secondary current. 


Let us see how a current flowing in the secondary coils can 
cause current to flow in the primary coils, in spite of the fact 
that there is no electrical connection between the primary 
and the secondary coils. We have seen that there is an 
induced voltage in the secondary which is at all instants in 
the direction opposite to the voltage impressed on the 
primary. If now we allow this induced voltage to send a 
current through the secondary coil, this current will set up 
a magnetic field which will disturb the magnetic field already 
existing in the core, tending to neutralize it. The impedance 
of the primary circuit depends almost entirely upon the 
magnetic field set up by the exciting current of 0.046 ampere. 
When this magnetic field is thus disturbed and partially 
neutralized, the impedance of the primary coil is lowered, 
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and the 1100 primary volts can force more current through 
it. In fact, just enough additional current is forced through 
the primary coil to neutralize the field set up by the secondary 
current of 10 amperes. The magnetic field set up by this 
additional primary current must be exactly equal to and 
opposite the magnetic field set up by the secondary current. 
We know it must be opposite to the field of the secondary 
current because the voltage which produces this primary 
current is exactly opposite to the induced voltage which is 
producing the secondary current. We can see from the 
following that the new field set up in the primary coils by 
this extra current is equal to the field set up by the 10 amperes 
secondary current. 

The strength of the field set up by the 10 amperes depends 
upon the product of the amperes (10) and the turns in the 
secondary (230) or 2300 ampere-turns. Thus in order to 
overcome this opposing field, enough current must flow in 
the primary coils to make up 2300 ampere-turns in the 
primary coils. Since there are 2300 turns in the primary 
coils, it is necessary for only 1 ampere to flow to make up 
2300 ampere-turns. When this 1 ampere is added to the 
current in the primary coils, the opposing magnetic field set 
up by the secondary current is neutralized and the field 
becomes as it was when the original current of 0.046 was . 
flowing and the core is magnetized as it was in the first place. 

Of course, no transformer is a perfect machine with 100 
per cent efficiency, so that a slightly larger current than 1 
ampere would have to flow in order to make up the losses in 
the coils and core. But for all practical purposes this method 
of computing the current in the primary coils, when a given 
current flows in the secondary, is sufficiently correct, and is 
always used in practical estimates. 


Prob. 12-3. The transformer of Fig. 60 supplies light and heating 
power to a small community. What current must the secondary 
deliver to supply forty 60-watt lamps? 
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Prob. 13-3. What current flows in the primary of the trans- 
former in Prob. 12? 


Prob. 14-3. Because of the installation of electric stoves, the 
transformer in Prob. 12 is required to supply a load of 8.8 kilowatts 
at 115 volts. The secondary winding can carry only 28 amperes 
safely. How many of these transformers are required to supply the 
total load? 


Prob. 15-3. A certain 2300-volt line can carry 45 amperes. 
How many transformers, each rated to deliver 15 amperes at 115 
volts, can be connected to the line? Assume the efficiency of each 
transformer is 96 per cent. 


Prob. 16-3. At the full secondary load of 15 amperes what is 
the primary current in one of the transformers of Prob. 15? 


29. Rating of Transformer. Heating. An indefinitely 
large amount of current cannot be taken from a given trans- 
former, because of the excessive heating which would result. 
A transformer is so designed that a given voltage may be 
safely applied to the high-tension coils, with no danger of 
breaking down the insulation. But it is likewise so designed 
that the primary coils may carry a limited current without 
heating the insulation to such an extent that it is weakened. 
The secondary coils are designed and built to carry a current 
as many times greater than the primary current as the pri- 
mary voltage is greater than the secondary voltage. The 
capacity of the transformer is then stated as the product, 
of the secondary volts and the greatest secondary current. 
Thus if a transformer with two secondary coils in series were 
constructed for 230 volts and 21.7 amperes, it would be rated 
as 230 X 21.7, or 5000 volt-amperes. This would be called 
a 5 ky-a (kilovolt-ampere) transformer.* 

In the design and construction of power transformers, it is 
necessary to provide adequate means for cooling the windings 
and core. If this is not done, the transformer will overheat at 
its rated load and only a reduced load can be supplied. In 


* One kilovolt equals 1000 volts. 
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other words, if proper cooling is provided, a small transformer 
can do the work of a larger one in which no provision for 
cooling is made. 

One of the most common methods of cooling is to immerse 
the transformer in oil. By using specially prepared oil, such 


Fra. 61. Large power transformer showing coils provided to cool oil. 
Westinghouse Elec. & Mfg. Co. 


as “transil”’ oil, the insulation of the transformer is im- 
proved, but the oil also serves to conduct heat from the wind- 
ings and core to the outer casing where the heat is thrown off. 
Many transformer cases are built with fins so as to expose a 
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greater surface to the surrounding air. Very large trans- 
formers are frequently provided with forced circulation 
systems in which the oil is sent through cooling coils. Fig. 61 
shows a large transformer with cooling coils on the outside of 
the case; this transformer contains 32,000 gallons of oil. 


Prob. 17-3. A 50-kv-a transformer has two equal primary coils 
connected in series across a 2300-volt line. With its two secondary 
coils in parallel, it delivers 115 volts. What current can each 
secondary coil deliver? 


Prob. 18-3. If the secondary coils in Prob. 17 are connected in 
series, what total current can the transformer deliver? 


Prob. 19-8. What is the primary current in Prob. 17 when the 
transformer is delivering full load? In Prob. 18? 


Prob. 20-3. If the primary coils of the transformer of Prob. 17 
are connected in parallel across an 1150-volt line, what is the current 
in each primary coil when the secondaries are connected in series 
and delivering 185 amperes? 


SUMMARY OF CHAPTER III 


IMPEDANCE is the volts per ampere in a circuit carrying 
alternating current, just as RESISTANCE is the volts per ampere 
in a circuit carrying direct current. In either case, both volts 
and amperes are to be measured between the same points in 
the circuit, and their ratio is the impedance of that part of the 
circuit, only, which is included between such points. 

IMPEDANCE of a circuit is larger than its resistance when- 
ever the circuit produces a magnetic field around itself. A cir- 
cuit has INDUCTANCE, or SELF-INDUCTANCE, if it sets up a 
magnetic field around itself when current flows. The continual 
change in value and reversal of this field, which thereby sweeps 
across the circuit itself as the current alternates, induces in 
the circuit a voltage which always OPPOSES THE CHANGE of 
current. In an INDUCTIVE CIRCUIT, therefore, less current 
will be produced by a given alternating voltage than by the same 
value of direct voltage. This reduction of current is due to the 
INDUCTIVE REACTANCE of the circuit. 

RESISTANCE (ohms) multiplied by current (amperes) gives 
volts used to produce heat in the electric circuit. 
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INDUCTIVE REACTANCE (ohms) multiplied by current 
(amperes) gives volts used to produce magnetic field around the 
circuit. 

IMPEDANCE (ohms) multiplied by current (amperes) gives 
total volts used to produce current in the circuit. 

If the resistance voltage is very small in comparison with the 
total volts in any circuit or part of the circuit, then, practically, 
Reactance = Impedance. 

The same wire or circuit may offer widely different amounts 
of reactance, depending upon the way in which it is arranged 
(coiled, looped, or strung), the material by which it is sur- 
rounded (iron or air) and the frequency. None of these fac- 
tors, however, affects the real (‘‘ ohmic’’) resistance, which 
remains the same as long as the length, cross-sectional area, 
temperature and material of the wire are unaltered. 

Current does not rise instantaneously to its maximum steady 
value when a constant direct voltage is impressed on a circuit, if 
the circuit is inductive. The varying flux due to the rising cur- 
rent induces a back pressure which retards the growth of cur- 
rent. Similarly, the current does not fall instantaneously when 
the inductive circuit is broken, but tends to persist as an arc 
across the break. 

Transformers, and the field circuits of dynamos, are highly in- 
ductive because they are designed purposely to produce quanti- 
ties of magnetic flux. Special ‘‘ field-break ’? switches may be 
used to interrupt such circuits, in order to avoid injury of switch 
points by this arc. If the current is permitted to be reduced un- 
duly fast, the voltage induced in the circuit by the rapidly chang- 
ing magnetic field may reach excessively high values, and injure 
the apparatus or endanger lives. 

While any change is occurring in the magnetic field of an 
electric circuit, a voltage is induced in the circuit which tends to 
oppose the change. This is known as ‘‘ LENZ’ LAW,” and there 
are many parallels to it in other branches of science. 

The primary current of a transformer increases in proportion to 
the current from the secondary. The following ratios hold true 
approximately, unless the transformer is operating at light load: 


Primary current secondary turns _ secondary volts 
Secondary current primary turns _ primary volts 


The total current in the primary consists of. two parts, the 
EXCITING CURRENT, and the LOAD CURRENT. The exciting 
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current is the zero-load current. The LOAD CURRENT, flow- 
ing through the primary turns, produces an additional mag- 
netizing force (ampere-turns) which is at every instant equal in 
value and opposite in direction to the magnetizing force (second- 
ary amperes X secondary turns) that tends to weaken the mag- 
netic flux in the transformer. 

Heating of both secondary and primary coils due to the cur- 
yent sets a definite limit to the amperes, and therefore to the 
inmaximum power (volts X amperes), which may be taken 
steadily from a transformer without injuring its insulation. This 
maximum power is known as the rated load, or the ‘‘ size” of 
the transformer, and is usually expressed in volt-amperes (for 
small transformers) or in kilovolt-amperes oe ae 


for large transformers. 


PROBLEMS ON CHAPTER III 


Prob. 21-3. A certain coil takes a current of 3.2 amperes when 
connected across a 2-volt dry cell, but draws only 0.16 ampere 
when connected across a 6-volt, 60-cycle, secondary winding of a 
bell-ringing transformer. (a) What is the resistance of the coil? 
(b) What is the impedance of the coil at 60 cycles? 


Prob. 22-8. What current would flow through the coil of 
Prob. 21 when connected across (a) 115 volts d-c, (6) 115 volts, 
60 cycles? 

Prob. 23-3. How many coils similar to that of Prob. 21 would 
have to be connected in series in order to make the resistance of the 
series circuit equal to the 60-cycle impedance of one coil? 


Prob. 24-3. An electric circuit has an impedance of 40 ohms 
at 60 cycles. What voltage is required at this frequency to pro- 
duce a current of 30 amperes in the circuit? 


Prob. 25-3. A transmission line carrying alternating current has 
a “drop” of 88 volts over 22 miles of line when transmitting 50 
‘amperes, What is the impedance of the line per mile for the par- 
ticular frequency and spacing of line wires used? 

Prob. 26-3. With no secondary load connected, the impedance 
of the primary coil of a certain transformer is found to be 3150 ohms 
‘at 60 cycles. What exciting current will this transformer draw 
from a 230-volt line? 
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Prob. 27-3. When the primary coil of Prob. 26 is placed in series 
with a 1000-ohm resistance across a 115-volt d-c line, a current of 
0.11 ampere flows. What current would flow if the primary wind- 
ing alone were connected across the 115-volt d-c line? 


Prob. 28-3. What is the resistance of the primary winding in 
Prob. 27? 


Prob. 29-3. A distribution transformer has two primary coils, 
each wound with 1800 turns. With the primary coils connected in 
series across a 2300-volt line, each secondary coil produces 115 volts. 
How many turns are there in each secondary? 


Prob. 30-3. If the exciting current of the transformer of Prob. 29 
is 0.085 amperes, what is the primary impedance at no load? 


Prob. 31-3. If the primary coils of the transformer of Prob. 30 
are connected in parallel, what exciting current will they draw from 
a 1150-volt line? 


Prob. 32-3. A certain transformer has a secondary winding 
which delivers 640 volts. Taps ave to be provided on this winding 
so that voltages of 340, 180, and 100 volts can be obtained from the 
same winding. If the full secondary winding contains 400 turns, 
at what points should the coil be tapped? 


Prob. 33-3. If the voltages specified in Prob. 32 are to be obtained 
from a winding delivering 0.8 volt per turn, how many turns are 
required in the full winding and where should the taps be located? 


Prob. 34-3. What must be the ratio of turns in a transformer - 
intended to supply alternating current at 384 volts from its second- 


ary to a rotary converter, while its primary takes power at 2300 volts 
from the transmission line? 


Prob. 35-3. If the converter of Prob. 34 requires a current of 
36.8 amperes, what current is supplied by the 2300-volt line? 


Prob. 36-3. The transformer of Prob. 34 is rated at 25 kv-a. 
What is the maximum current it can deliver to the rotary con- 
verter? What is the full-load primary current? 


Prob. 37-3. The exciting current of the transformer of Prob. 36 


is 5 per cent of its full-load current. What is the no-load impedance 
of the primary winding? 
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Prob. 38-3. A 10-kv-a transformer supplies a group of 115-volt, 
500-watt flood lights, and a 230-volt, 1000-watt immersion heater 
as shown in Fig. 62. What are the primary and secondary cur- 
rents in the transformer? 


2300 volts 


Fie. 62. <A three-wire system which supplies 115-volt lamps and a 
230-volt heater from a single transformer. 


Prob. 39-3. If the transformer of Prob. 38 continues to supply 
the 230-volt heater as shown, but has lamps connected to only one 
side of the three-wire system, how many lamps can be supplied 
without overloading any part of the transformer? What will the 
primary current be under these conditions? 


Prob. 40-3. What kv-a load is supplied by each half of the second- 
ary in Prob. 39? 

Prob. 41-3. How many additional lamps can be supplied in the 
circuit of Prob. 38 without overloading the transformer? What are 
the primary and secondary currents with maximum load connected? 


Prob. 42-3. The transformer of Fig. 62 draws an exciting current 
of 0.23 ampere with no load on the secondary. What exciting 
current would it take if the primary coils were connected in parallel 
across an 1150-volt supply? 


Prob. 43-3. If the transformer of Prob. 42 were used as a 
“step-up ”’ transformer, with its full secondary connected across a 
230-volt supply, what exciting current would it take? 


Prob. 44-3. A two-wire transmission line 25 miles long con- 
nected to a 2300-volt, 60-cycle generator has impedance of 0.92 
ohm per mile of wire. A “dead short” occurs between the wires 
somewhere along the line, and the station ammeter indicates 180 
amperes on this line while the station voltage is pulled down to 1560 
volts on account of this excessive current being drawn from the 
generator. How many miles out from the station, along the line, is 


the “ short ’’? 
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Prob. 45-3. In some types of electric meters, fan motors, arc 
lamp feeding devices, and electromagnets in alternating-current 
circuit breakers, a “‘ shading coil” is often wound on the magnet. 
This is a small coil, often only one turn, short-circuited on itself, and 
surrounding only one part of the pole-face. Describe and explain 
the effect of such a coil upon the distribution of flux over the pole 
face, as the current in the main winding of the electromagnet alter- 
nates. 


Prob. 46-3. Some circuit-breakers for use on alternating-current 
systems are so arranged that when the main break opens, the circuit 
is still complete, but through a resistor which bridges or shunts the 
main break. After a small interval of time, an auxiliary break in 
this resistor opens the main circuit completely. The purpose of 
this is to protect the breaker against destruction, by dissipating 
slowly in this resistor the energy that was stored in the fields around 
the main circuits. Explain how this takes place. 


Prob. 47-3. Explain how it is that a short circuit on the second- 
ary of a transformer produces the same effect on the supply line, 
practically, as a short circuit across the primary. 


Prob. 48-3. An impedance coil, wound on an iron core, is in 
series with a circuit which carries a constant amount of alternating 
current (say 6.6 amperes) at constant frequency. If another coil, 
insulated from the first, be wound on the same iron core and short- 
circuited upon itself, will the voltage drop across the series imped- 
ance coil be increased or decreased? Explain. 


Prob. 49-3. Explain the similarity betweer starting a heavy 
flywheel into motion or stopping it, and establishing an electric cur- 
rent in a highly inductive circuit or stopping it. 


Prob. 50-3. What voltages would be obtained in the secondary 
system of Fig. 62, instead of the values marked, if one of the second- 
ary coils were to have its connections reversed from that shown? 
What would be the effect if one of the primary coils were to have its 
connections reversed from that shown, while the two of them remain 
connected in series to the same 2300-volt line? 


Prob. 51-3. A certain distributing transformer is rated 25 kv-a, 
60 cycles, 2200 : 1100/220 : 110 volts. Illustrate by sketches four 
ways of connecting this transformer for different voltage combina- 
tions, and for each sketch state the maximum volts and amperes 
input from the primary mains, and the corresponding maximum 
volts and amperes output to the secondary mains, 


CHAPTER IV 
POWER AND POWER FACTOR 


Tue method of measuring the power taken by an appliance 
on an alternating-current circuit depends upon whether or 
not the appliance is inductive. 

30. Power in a Non-inductive Circuit. An alternating 
current in the ordinary incandescent lamp produces but a 
slight magnetic field. Thus the reactance of an incandescent 
lamp is practically zero, and the impedance is composed 
almost entirely of resistance. 


Fic. 63. The wattmeter Wm always measures the effective power, 
or true power, in watts. The product of the voltmeter Vm reading 
times the ammeter Am reading is the apparent power, expressed in 
volt-amperes. The apparent power equals the true power only 
when the load is a pure resistance. 


In direct-current electricity the power in watts * is always 
equal to the product of the volts times the amperes. Suppose 
we connect a voltmeter Vm and an ammeter Am as in Fig. 63 
to measure the alternating current and voltage of an in- 

* The electric unit of power, a watt, is yt¢ of a horsepower. A 


kilowatt (1000 watts) equals 1.34 or practically 13 horsepower. 
81 
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candescent lamp of high candle power. If the voltmeter 
indicated 110 volts and the ammeter 5 amperes, a wattmeter 
Wm properly connected to the same lamp would indicate 550 
watts which is also the product of the volts times the amperes, 
as in direct current. This shows that, in this case also, the 
product of the amperes times the volts equals the true watts. 
Thus in a non-inductive circuit we may measure the power 
either by a wattmeter or by a voltmeter and an ammeter. 

31. Power in an Inductive Circuit. Power Factor. If 
instead of the lamp of Fig. 63, we supply power to the. 
primary coil of a small transformer with no load on the 
secondary, we find an entirely different situation. The volt- 
meter may read 110 volts, for example, and the ammeter 
0.06 ampere, but the wattmeter, instead of indicating 110 x 
0.06, or 6.6 watts, now reads only 4 watts. The power, then, 
in an inductive circuit does not equal the product of the volts 
times the amperes, but only a certain fraction of that value. 
This fraction which the power is of the product of the volts 
times the amperes is called the power factor of the appliance. 
The product of the volts times the amperes is called the 
apparent power, and is stated in volt-amperes or in kilovolt- 
amperes (thousands of volt-amperes). The indication of the 
wattmeter is called the effective power and is measured, like 
direct-current power, in watts or in kilowatts (thousands of 
watts). Unless otherwise stated, the term power always 
means effective power. 

Thus in the above example: 

Apparent power = 0.06 X 110, or 6.60 volt-amperes. 
Effective power = 4 watts. 


Power factor = i = 60.6 per cent. 


We may therefore write the equations 
Effective power 
Apparent power : 


or Effective power = Apparent power X Power factor. 


Power factor = 
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Since, in a non-inductive circuit, the effective power equals 


, ffective power 
the apparent power, the fraction <n" POWE =; 
pp p , the traction apparent power is equal to 


one or unity. Thus we say that the power factor of a non- 
inductive circuit is unity. 

This property of an inductive load of consuming a real 
power which is only a fraction of its apparent power is used to 
great advantage in alternating-current systems. If, for 
example, we wish to protect a circuit from excessive current 
under short-circuit conditions,* we might place a resistance 
in series with the circuit sufficiently large to limit the current 
to a safe value. However, a coil having reactance can be 
used just as effectively to limit current and will consume the 
same number of volt-amperes as the resistance. But in the 
case of the resistance the number of volt-amperes is equal 
to the number of watts lost while with a reactance only 
a fraction of the volt-amperes represents actual watts 
lost. 

Prob. 1-4. A certain a-c circuit which draws 5 amperes is pro- 
tected by a 45-ohm series resistance. What power is lost in the 
resistance? 

Prob. 2-4. If the resistance of Prob. 1 is replaced by a reactance 
coil of the same impedance and having a 40-per cent power factor, 
what power is saved by the change? 

Prob. 3-4. An alternating-current refrigerator motor draws 3.2 
amperes from a 115-volt line at a power factor of 62 per cent. What 
power is required to operate the refrigerator? 

Prob. 4-4. A radio receiver draws 120 watts at a power factor of 
91 per cent from a 115-volt line. What current is supplied to the 
receiver? 


Prob. 5-4. What power is used by a coil of 50-ohms impedance 
and 85 per cent power factor, when connected to a 230-volt a-c line? 


* This is frequently necessary because circuit breakers do not operate 
instantly and great damage may be done before a short circuit is cleared 


by the breakers. 
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Prob. 6-4. A reactor coil of 70-ohms impedance draws 2 kw from 
a 550-volt a-c line. What is the power factor of the coil? 


Prob. 7-4. A certain transformer takes power at 65 per cent 
power factor when supplying its load. How much power does it 
take if it draws 15 amperes from a 2300-volt line? 


Prob. 8-4. If 4.8 per cent of the power input to the transformer 
of Prob. 7 is lost, what power does it supply to its load? 


Prob. 9-4. If the transformer of Prob. 8 is supplying its load at 
230 volts and 70 per cent power factor, what is the secondary 
current? . 


A Effective Power 1080 watts B 


Reactive Power 523 vars. 


fia. 64. Apparent power (volts times amperes) is composed of effec- 
tive power (watts) and reactive power (vars —see Par. 34) at right 
angles to each other. The graphical representation of these relations, 
shown above, is called a ‘‘ vector diagram.” 


32. Graphical Representation. In order to aid in solving 
many problems which arise in alternating-current work, it is 
customary to represent the various quantities by lines and 
angles. By working with these diagrams in front of us, we 
can more easily keep clearly in mind the true relations among 
such quantities as apparent power, effective power and power 
factor. ‘Thus if we are dealing with an apparent power of 
1200 volt-amperes at 90 per cent power factor, we know that 
the effective power is 90 per cent of 1200 or 1080 watts. And 
we represent it as in Fig. 64. 

The 1080 watts, effective power is represented by a line 


POWER AND POWER FACTOR 85 


AB drawn to scale. A line BC is drawn down from B in- 
definitely long at right angles to the line AB. Then with A 
as a center with a pair of compasses opened to the value 1200 
(to the same scale as AB), an are is struck crossing the line 
BC. This crossing point is marked C. 

We now have a right triangle, ABC, in which the line AB 
is 90 per cent of AC, since AB is drawn to scale to represent 
1080 watts and AC is drawn to scale to represent 1200 volt- 
amperes, and 1080 is 90 per cent of 1200. We can therefore 
say, 


Line AB 
Line AG = Power factor = 0.90. 


If we measure the angle between AB and AC we will see 
that it measures 25.8°. No matter how many right triangles 
we construct according to this method in which the effective 
power is 90 per cent of the apparent power, the angle between 
the base line and the long side (called the hypothenuse) of the 
right triangle will always be 25.8°. 

Prob. 10-4. Construct the diagram for 3500 volt-amperes at 90 
per cent power factor by the method shown for constructing Fig. 64 
and measure the angle between the lines representing the effective 
power and the apparent power. 

Prob. 11-4. Construct the diagram for 180 volt-amperes at 90 
per cent power factor in the same way in which Fig. 64 was con- 
structed and measure the angle between the lines representing the 
effective power and the apparent power. 


Prob. 12-4. Repeat Prob. 11, using any value for the volt-am- 
peres at 90 per cent power factor. 


It is clearly seen from the above problems that when the 
power factor is 90 per cent, the effective power and the 
apparent power can always be represented by two lines 
drawn to scale at an angle of 25.8° to each other. Exactly the 
same method can be used for any value of volt-amperes and 
any value of power factor, but the value of the angle will be 
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different for each different value of the power factor. Thus 
if 1200 volt-amperes has a power factor of 85 per cent, the 
diagram will be like Fig. 65. The line AB represents the 
effective power, 85 per cent of 1200 or 1020 watts, and the 
line AC represents the apparent power 1200 volt-amperes. 
Note that this time the angle between AB and AC is 31.8°. 
When the power factor is 85 per cent, the effective power and 


the apparent power can always be represented by lines drawn 
to scale at an angle of 31.8°. 


A Effective Power 1020 watts B 


Reactive Power 632 vars. 


Fig. 65. The angle between effective power and apparent power in 
the vector diagram is different for each value of power factor (see 
Appendix, Table I), but is always the same for a given value of 
power factor regardless of the amount of power. 


Prob. 13-4. By constructing diagrams similar to Fig. 64 and 65, 
find at what angles to each other we must draw lines to scale to 
represent a power factor of: 


(a) 95 per cent. (e) 65 per cent. 
(b) 80 per cent. (f) 60 per cent. 
(c) 75 per cent. (g) 55 per cent. 
(d) 70 per cent. (h) 50 per cent. 


33. Use of Power Factor Table. For convenience in 
construction and solving diagrams, a table of angles and the 
corresponding power factors has been compiled. See Appen- 
dix, Table I, Accordingly, when we wish to construct a 


POWER AND POWER FACTOR 87 


diagram representing, say, 50 kv-a with a power factor of 
92 per cent, we look in Table I under the column headed 
Power Factor for the number nearest to 0.92. We find it 
is 0.921. The angle corresponding to this power factor is 
23°. Thus we construct Fig. 66, first drawing line AB, 
representing effective power equal to 92 per cent of 50, or 
46.0 kw. At an angle of 23° to AB we draw AC making it 
have a value of 50 to the same scale as that to which AB 
was drawn. 


Reactive Power 19.6 kvar. 


Fic. 66. Effective power is consumed in the circuit — changed into 
heat or into mechanical work. Reactive power is not consumed; it 
merely shuttles to and fro between the generator and the circuit, 
being the power used to establish the magnetic field around the circuit. 


Prob. 14-4. Determine from Table I the power factor corre- 
sponding to the following angles between apparent power and 
effective power and construct diagrams for the same, showing how 
the volt-amperes necessary to deliver any required amount, of power 
(watts) at the given power factor may be found immediately, with- 


out calculation: 


(a) 88°. (d) 59°. 
(b) 45°. (e) 72°. 
(c) 30°. (ine, 


Prob. 15-4. Determine from Table I the angles between ap- 
parent power and effective power for the following power factors: 


(a) 0.500. (d) 0.242. 


(b) 0.707. (e) 0.000. 
(c) 0.866. (f) 0.105. 
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34. Reactive Power. Reactive Factor. Thus far in 
referring to Fig. 64, 65 and 66, we have not considered the 
line BC, extending down perpendicularly from the end of AB 
to the end of AC. ‘This line in each case represents the 
reactive power. In other words the apparent power is made 
up of the effective power which does the work and the re- 
active power which does no work and is returned to the line. 

An electric circuit carrying a large amount of reactive 
power may be likened to a gas engine with a large flywheel. 
The explosion of the gas in the cylinder delivers a large 
amount of power to the flywheel. That part of this power 
which the flywheel in turn delivers to the shaft and connected 
machinery corresponds to the effective power. But the fly- 
wheel then returns part of the power to the gas engine to 
keep it running until a new explosion takes place. This 
power, returned by the flywheel to the engine, corresponds to 
the electric reactive power; that is, to the electric power 
returned by the circuit to the generator. 

Thus we see that the apparent power is really composed of 
two components, — the effective power and the reactive 
power. Note carefully, however, that the apparent power 
is not the arithmetical sum of the two. For instance, in 
Fig. 64, the effective power is 1080 watts and the reactive 
power is 523 vars,* while the apparent power is only 1200 
volt-amperes. In Fig. 66, the apparent power 50 kv-a is 
composed of 46 kw and 19.6 kvars; the sum of the latter two 
being equal to much more than 50 kv-a. 

However, for a given power factor, the reactive power is 

* Although reactive power is still commonly referred to as volt- 
amperes or kilovolt-amperes, most engineers have adopted the var 
and the kilovar, respectively, as the names of the units of reactive 
power. The name var is derived by forming the word from the initial 
letters of ‘ volt-ampere reactive,” and the kilovar is simply 1000 vars. 
These names serve to identify reactive power clearly just as watts and 


kilowatts identify effective power; the volt-ampere and _ kilovolt- 
ampere now refer only to apparent power. 
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always a certain definite fraction of the apparent power, just 
as the effective power is a certain definite fraction of the 
apparent power. 

Thus in Fig. 64, where the effective power is 90 per cent of 
the apparent power, the reactive power is 33%, or 43.6 per 
cent of the apparent power. In all cases where the power 
factor is 90 per cent, the reactive power is 43.6 per cent. 

The fraction which the reactive power is of the apparent 
power is called the Reactive factor. In other words, 


Reactive power 


Reactive factor = 
Apparent power 


Prob. 16-4. What is the reactive factor in Fig. 65? 

Prob. 17-4. Determine by drawing diagrams similar to Fig. 64, 
the reactive power and the reactive factors for: 

(a) 12,000 kv-a at 83 per cent power factor. 

(6b) 850 volt-amperes at 58 per cent power factor. 

(c) 10 kv-a at 95 per cent power factor. 

Prob. 18-4. Find, by drawing to scale, the reactive factors when 
the power factors are: 


(a) 0.850. (c) 0.707. 
(b) 0.940. (d) 0.250. 


Prob. 19-4. A circuit draws 1500 watts effective power and 800 
vars reactive. Draw the vector diagram for this condition and 
determine the apparent power taken by the circuit. 


Prob. 20-4. What is the angle between the apparent power and 
the effective power in Prob. 19? 

Prob. 21-4. What is the power factor in Prob. 19? What is the 
reactive factor? 

35. To Determine the Reactive Power. Since the reactive 
factor is the fraction which the reactive power is of the ap- 
parent power, then 

Reactive power = Reactive factor X Apparent power. 


By referring to Table I, we can find the reactive factors 
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corresponding to any power factor. Thus to find the re- 
active power of 1200 volt-amperes at 90 per cent power factor, 
we can look in the table for the reactive factor corresponding 
to a power factor of 90 per cent and find it to be approxi- 
mately 0.436. We can then find the reactive power by using 
the equation: 


Reactive power = Reactive factor X Apparent power 
= 0.436 X 1200 
= 523.2 vars. 


This is the result obtained in Fig. 64 by drawing the values © 
to scale. 


Prob. 22-4. Check by means of Table I and the above equation 
the values obtained by scale drawings in Prob. 17 and 18. 


36. Relation between the Apparent Power, the Reactive 
and the Effective Power. ‘There is a third way of finding the 
reactive power, which is often used. Referring to Fig. 64, if 
we square the effective power, represented by line AB and 
the reactive power, represented by the line BC, we shall find 
that the sum of these squares equals the square of the ap- 
parent power, represented by the line AC. Thus in Fig. 64, 


10802 = 1,166,000; 


l| 


Effective power squared = AB? 
Reactive power squared = BC? = 523? = 274,000; 
Sum of squares = AB? + BC? = 1,440,000; 
Apparent power squared = AC? = 1200? = 1,440,000. 


I 


Thus the apparent power squared equals the effective power 
squared plus the reactive power squared. This is stated in 
a more general way as follows: 

In any right triangle, 

The square of the hypothenuse equals the sum of the 
squares of the other two sides. 
Or 


The square of either side of a right triangle equals the 
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square of the hypothenuse minus the square of the other side. 
In Fig. 64, 65, 66, 
AC? = AB? + BC? 
or AB* = AC* — BC? 
and BC? = AC? — AB*. 


Therefore, if we know the effective power and the reactive 
power, we merely have to square these values and add them 
to get the square of the apparent power. By taking the 
square root of this sum we can find the value of the apparent 
power. Written in the form of an equation this becomes: 


Apparent power = V (Effective power)? + (Reactive power)? 


or 
Effective power = V (Apparent power)? — (Reactive power)? 
and 


Reactive power = V (Apparent power)? — (Effective power)”. 
This is illustrated by Fig. 66 as follows: 
Apparent power = Vv (Effective power)? + (Reactive power)’, 
AC = V AB? + BC? 
= V 46? + 19.62 
= V2116 + 384 
= V2500 
=HUE 


or Effective power = V (Apparent power)? — (Reactive power) ?. 


AB =V AC? — BC? 
= V50? — 19.62 
= V2500 — 384 
= V2116 
= 46; 
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and Reactive power = af (Apparent power)? — (Effective power)’; 
BC = VAC? — AB? 
= V50? — 462 
= V2500 — 2116 
= V384 
= 19.6: 


Solve by the Law of Squares, the following problems: 


Prob. 23-4. The apparent power in a certain circuit measured 
10,200 volt-amperes and the effective power 8000 watts. What was 
the reactive power? 


Prob. 24-4. Find the effective power in a circuit in which the 
apparent power is 5000 ky-a and the reactive power 450 kvar. 

37. The Three Methods of Solution. There are thus 
three methods of using the relations which exist among the 
apparent power, effective power, reactive power, power 
factor and reactive factor. Any one method may be used to 
solve a problem, or any combination of methods. 


METHODI. By the use of diagrams drawn to scale. 
This is the simplest but least precise of the three. 


METHOD II. By the use of tables of power factors and 
reactive factors, and diagram, not necessarily to scale. 


METHOD III. By the use of the law of squares for the 
right triangle, and diagram, not necessarily to scale. 


Example. 


The effective power in a given circuit is 400 kw, and the apparent 
power is 500 kv-a. Find by all three methods: 


(a) The power factor. 

(6) The reactive power. 

(c) The reactive factor. 

(d) The angle between apparent power and effective power. 
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- Method I. Diagrams Drawn to Scale. 
(a) THE POWER FACTOR. 


Effective power 
Apparent power 


= $38 
= 80 per cent. 


(}) THE REACTIVE POWER. 


Power factor = 


Reactive Power 300 kvar. 


Fie. 67. In reactive circuits, lagging reactive power is represented by 
a vector drawn 90° clockwise from the vector representing effec- 
tive power. Leading reactive power would then be represented by 
a vector 90° counterclockwise from the vector of effective power. 


Construct Fig. 67 as follows: 

Draw line AB to scale to represent the effective power of 
400 kw. At right angles to AB draw line BC down of indefinite 
length. With compasses opened to equal 500 on same scale as AB 
draw an arc with A as a center to cut line BC at C. 

Draw line AC to represent 500 kv-a apparent power. The line 
BC now represents the reactive power. 

Scaling off BC, we find the reactive power equals 300 kvar. 


(c) THE REACTIVE FACTOR. 


Reactive power 
Apparent power 


= £00 
= 60 per cent. 


Reactive factor = 
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(d) THE ANGLE BETWEEN LINES OF APPARENT AND 
EFFECTIVE POWER. 


This angle by measurement is 37°. 


Method II. By Table of Power Factors and Reactive Factors. 
(a) THE POWER FACTOR. 
Effective power 
Apparent power 
= 488 
= 80 per cent. 
(6) THE REACTIVE POWER. 
Reactive power = Reactive factor X Apparent power. 
= 0.60 X 500 
= 300 kvar. 

(c) THE REACTIVE FACTOR. 

By referring to Table I of power factors and reactive factors, we 
see that for the power factor of 80 per cent (0.799) the corresponding 
reactive factor is 60 per cent (0.602). 

(d) THE ANGLE. 


By referring to Table I we see that the angle which corresponds 


to a power factor of 80 per cent and a reactive factor of 60 percent 
is 37°. (Actually, 36.9°.) 


Power factor = 


Method III. Law of Squares for Right Triangles. 
(a) THE POWER FACTOR. 
Effective power 
Apparent power 

= 43 

= 80 per cent. 
(6) THE REACTIVE POWER. 
Reactive power = V (Apparent power)? — (Effective power)? 


ll 


Power factor 


= V5002 — 4002 
= V250,000 — 160,000 
= V90,000 


= 300 kvar. 
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(¢) THE REACTIVE FACTOR. 


Reactive power 


Apparent power 


— 200 
~ 500 


= 60 per cent. 


Reactive factor = 


(d) THE ANGLE. 


From Table I the angle corresponding to a power factor of 80 per 
cent and a reactive factor of 60 per cent = 37°. 


Prob. 25-4. Solve Prob. 23-4 by all three methods and find the 
power factor and reactive factor. 


Prob. 26-4. Find the reactive factor and power factor in Prob. 
24-4, solving the problem by all three methods. 


38. Vector Diagram of Power. In using any one of the 
three methods of solving the power relations in a circuit, 
always draw a diagram. When using the second or third 
method, one need not draw the diagram to scale. In fact a 
rough freehand drawing will serve the purpose of keeping the 
relations clearly before the mind. 

Considering again Fig. 64, 65, 66 and 67, the lines labeled 
AB, BC and AC are generally called vectors * and therefore 
the diagrams are called vector diagrams. 

Also, a curved arrow will be noted at the right-hand corner 
pointing up in a counterclockwise direction. This arrow 
has been put on these diagrams to indicate that we consider 
the whole triangle to be rotating in a counterclockwise 
direction about the point A as a center, at a speed in revolu- 
tions per second equal to the number of cycles per second. 
Thus a diagram representing conditions in a 60-cycle circuit 
would be assumed to make 60 revolutions per second about 
the point A. 

* Any quantity which requires both magnitude and direction to 
define it is called a vector quantity. Alternating-current power is such 


a quantity. A line whose length represents the magnitude, and whose 
direction represents the direction of the quantity is called a vector. 
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All vector diagrams of alternating-current conditions are 
assumed to be rotating counterclockwise even if they are 
not so marked. For this reason the vector AC is said to be 
lagging behind AB, or AB may be said to be leading AC 
(because AB reaches any given point in each revolution 
before AC reaches that same point). 

In all vector diagrams of the power in an inductive circuit, 
the vector for apparent power is drawn lagging behind 
the vector of effective power. The reactive power is called 
the lagging reactive power and the power factor is called the 
lagging power factor. The term lagging, therefore, should 
always be closely associated with the term inductive, because 
it is possible, by means explained later, to produce leading 
reactive power and leading power factors and to have the 
apparent power vector lead the effective power vector. 


Fra. 68. If loads in parallel branches are all non-inductive, the appar- 
ent power on the line equals the arithmetic sum of the apparent 
powers in the branches; likewise the total power from the line is the 
arithmetic sum of the effective powers in the branches. 


39. Total Power Taken by Two Appliances. It is often 
necessary to compute the apparent and the effective power 
supplied to two or more appliances. This is very simple 
when both of the appliances have the same power factor, 
because the power factor of the combination is the same as 
that for each appliance. Thus in Fig. 68, as each set of 
lamps has unity power factor, the effective power in each 
equals the apparent power, or: 
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For Bank A, 
Effective power = volts X amperes X 1 
=110x15x1 
= 1650 watts. 
For Bank B, 
Effective power = 110 X 10 X 1 
= 1100 watts. 


As they both have unity power factor, the power factor of 
the combination must also be unity. - Therefore, we can add 
the powers of both arithmetically and obtain the total power 
delivered to both: 


Power to A and B = 1650 + 1100 = 2750 watts. 


0.80 P.F. 3 0.80 P.F. 
Lagging Lagging 


Fic. 69. If loads in parallel branches are inductive but have equal 
power factors, the apparent power on the line equals the arithmetical 
sum of the apparent powers in the branches. Total effective power 
from line is here also equal to the arithmetic sum of the effective 
powers taken by the individual branches. 


- Similarly we can deal with the two motors of Fig. 69 for, 
although the power factor is less than unity, it is the same 
for both motors (same numerical value, and both lagging), 
and therefore the power factor of the combination is the same 
as for each motor. 

For motor M,, 


Apparent power = 110 X 15 
1650 volt-amperes. 


ll 


For motor Me, 
Apparent power = 110 X 10 


1100 volt-amperes, 


Ml 
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When loads have the same power factor, and both lagging 
or both leading, then the apparent power for both can be 
added arithmetically; thus, 


Total apparent power = 1650 + 1100 
= 2750 volt-amperes. 
For motor M,, 
Effective power = volts X amperes X power factor 


== IN) Scala) See) 
= 1320 watts. 


For motor M2, 


Effective power = volts X amperes X power factor 
110 X 10 X 0.80 
880 watts. 


1320 + 880 = 2200 watts. 


Total effective. power 


0.80 P.F. 
Lagging 


Fria. 70. If loads in parallel branches have different power factors, the 
total apparent power from the line is less than the arithmetical sum of 
the apparent powers in the branches. In every case, however, total 
effective power equals the arithmetical sum of the effective powers in 
the branches. 


If, however, we combine motor M, with its 80 per cent 
power factor and the lamp bank A with its unity power 
factor, as in Fig. 70, we can no longer use this arithmetical 
method but must resort to vector diagrams, as follows: 

The single line A,B, in Fig. 71 represents the vector dia- 
gram of the power in the lamp bank A, since the whole ap- 
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parent power is also effective power. In Fig. 72, the vector 
AC represents the apparent power, 110 volts X 10 amperes, 
or 1100 volt-amperes, of motor Mz. The vector AB repre- 
sents 0.80 X 1100, or 880 watts, the effective power at 80 per 
cent power factor. From Table I we see that the angle at A 


|] 
Ay 1650 Watts B, 


Fie. 71. Vector AiB; represents the effective power consumed by 
lamp load A in Fig. 70. There is no reactive power in A. 


is 37°, and that the reactive factor is 60 per cent. The reac- 
tive power as represented by the vector BC must, therefore, 
equal 0.60 X 1100, or 660 vars. Having thus separated the 
apparent motor power into the reactive power and the effec- 
tive power, we can add the effective power of the motor to the 


880 watts 


660 vars. 


Fia. 72. Vector AB represents effective power, and vector BC reactive 
power, taken by motor M; in Fig. 70. 


effective power of the lamps, and obtain the total effective 
power of the combination. We may also add the reactive 
power of one to the reactive power of the other, and obtain the 
total reactive power of the combination. From this com- 
bined effective power and combined reactive power we can 
find the apparent power and the power factor of the combi- 
nation. Thus Fig. 73 is constructed by adding the vector 
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A;B,, of 1650 watts representing the effective power of the 
lamps as shown in Fig. 71, to the vector AB of 880 watts 
which represents the effective power in the motor M, as 
shown in Fig. 72. This produces the vector AB of Fig. 73. 
Since there is no reactive power in the lamps, the reactive 
power of the motor alone represented by the vector BC in 
Fig. 72, and by BC in Fig. 73, is combined with the total 
effective power represented by the vector AiB. The appar- 


A 1 1650 watts B 1 880 watts B 
G 


660 vars 


Fic. 73. Vector-A1B represents total effective power in A and M; to- 
gether in Fig. 70, while BC represents total reactive power. Then 
A,C represents total apparent power taken from line by the combi- 
nation. : 

ent power of the combination then is represented by the 

vector AiC, and the power factor of the combination is the 

fraction which the total effective power A,B is of the total 
apparent power AC. 
Total effective power = A,B, + B,B 
= 1650 + 880 
= 2530 watts. 
Total reactive power = BC 
= 660 vars. 
Total apparent power 


= V (Total effective power)? + (Total reactive power)’ 
= VA,B? + BC? 

= V2530? + 660? 

= V6,836,000 


= 2615 volt-amperes. 
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Total effective power 
Total apparent power 


Power factor of the combination = 


ee. 
= 2615 


= 96.8 per cent. 


The rule for finding the power taken by a combination of 
appliances is: 


(1) Separate the apparent power of each load into its effective 
and reactive parts. ; 

(2) Add all values of effective power to obtain the total effec- 
tive power of the combination. 

(3) Add all values of reactive power to obtain the total re- 
active power of the combination. 

(4) Construct a right triangle with the above total values as 
sides. The hypothenuse of this triangle will represent the total 
apparent power of the combination. 

(5) Divide total effective power of the combination by the 
total apparent power of the combination to get the power factor 
of the combination. 


There are no exceptions to the above rule, and it may be 
applied to any number of loads connected to the same ‘system, 
either in series or in parallel. 


Another way of looking at such a problem is as follows: 

The problem is to add the 1650 watts taken by the lamps at unity 
power factor to the 1100 volt-amperes taken by the motor at 80 per 
cent power factor. Obviously, since the power factors of the two 
appliances are different, it is impossible to add the 1650 watts to the 
1100 volt-amperes arithmetically. They must be added in such a 
way that their different power factors produce the proper effect upon 
the sum. This can be done by adding the two quantities vectori- 
ally. By this method, the 1650 watts of the lamp is represented by 
a line or vector as A,B,, Fig. 74, and the 1100 volt-amperes of the 
motor by another line or vector BiC. If the power factor of both 
the 1650 watts and the 1100 volt-amperes were the same then the 
vector B,C would be added to the vector A,B; in the same direction 
as A,B;. But since the 1100 volt-amperes has only 80 per cent 
power factor while the 1650 watts has unity power factor, the vector 
B,C representing the 1100 volt-amperes is drawn at an angle of 37° 
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to the vector A,B; which represents the 1650 watts. This angle 37°, 
we have seen, is the angle corresponding to a power factor of 80 per 
cent as found by Table I. 

To add vector B,C to vector A,B,, Fig. 74, we merely draw the 
line A,C from the tail of vector A,B; to the head of vector B,C. This 
vector AC is the vector sum of the vectors A,B; and B,C. 


Ai 1650 watts Bi 


Fic. 74. A.C, the total apparent power taken from the line by loads 
A and M; together (Fig. 70), while not the arithmetical sum, is really 
the vector sum of apparent power to A and apparent power to Ms, 
represented by vectors A,B; and B,C respectively. 


The value of AiC can be most easily found by extending the 
vector A,B, and erecting a perpendicular from ~-point C to cross 
the extension of A,B, at B. We then have Fig. 75, which is exactly 
like Fig. 73, and which we have solved; except that it has an extra 
line drawn from B, to C. It is solved in exactly the same way as 
Fig. 73. Thus in constructing and solving Fig. 73, we were really 
adding vectorially two quantities of power with different power 
factors. 


‘ 


A 1 1650 watts B 1 880 watts 


660 vars 


Cc 


The case shown in Fig. 68, where both appliances had unity 
power factor, is not an exception to the rule but merely a 
special case. Here all the power is effective; thus there is 
no reactive power, and it is merely necessary to add the 
values of the effective power in both appliances together. 
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The method given for determining the total power in Fig. 
69 is merely a short cut which is permissible only when the 
power factors of the appliances are the same. This is shown 
in the next problem. 


Prob. 27-4. Using Fig. 69, find by the rules on page 101 the total 
effective power taken by , and M2, the total apparent power taken 
by M,; and M>2, and compare the value found by the preceding rules 
with the sum of the values of the apparent power in each. Find the 
power factor of the combination and compare with the power factor 
of each appliance. 


Prob. 28-4. Two induction motors are taking power from the 
same line. One motor takes 5 ky-a at 85 per cent power factor; 
the other takes 4 ky-a at 68 per cent power factor. Find the total 
effective and total apparent power drawn by the two motors from 
the line. 


Prob. 29-4. Find the power factor of the total power drawn 
from the line by the two motors in Prob, 28. 


Prob. 30-4. If the motors in Prob. 28-4 are operating on 220 
volts, what current does the combination draw from the line? 


Prob. 31-4. An induction motor drawing 2 kw at 70 per cent 
power factor is operating alone on a line. How much is the power 
factor of the line raised if ten 100-watt incandescent lamps are added 
to the line? 

Prob. 32-4. How much would the power factor of the line in 
Prob. 31 be increased if ten 250-watt lamps had been added instead 
of ten 100-watt lamps? 


Prob. 33-4. In a certain home the following loads are being 
supplied from the 115-volt lighting circuit. Electric refrigerator, 
205 watts, 78 per cent power factor; radio receiver, 160 watts, 91 
per cent power factor; eight 60-watt lamps. 

(a) What total effective power is supplied by the line? 

(b) What is the power factor of the total load? 

(c) What total reactive power is supplied? 


Prob. 34-4. What current is taken by each part of the load in 
Prob. 33? What is the total current in the line? 

40. Leading Power Factors. Induction motors gener- 
ally have a lagging power factor. But there are induction 
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motors on the market which (by certain construction and 
adjustment) have a leading power factor at all loads under 
full load, unity power factor at full load and a lagging power 
factor for all greater loads. 

Synchronous motors, so-called because they operate at all 
loads exactly “‘ in step ” or, as it is called, “ in synchronism ”’ 
with the alternations of the current in the line, may be made 
to have a leading power factor. (See Chapter IX.) This 
characteristic has led to wide application of synchronous 
motors for ‘‘ power factor correction.” By this term, we _ 
mean the adjustment of the power factor of a total load so 
that it is as near unity power factor as can be produced at 
reasonable cost. A load with lagging power factor is “‘cor- 
rected ” by substituting or adding sufficient leading reactive 
power to cancel out the lagging reactive power. 

All of the power vector diagrams which we have thus far 
constructed have been for power with a lagging power factor. 
Note by the following example the difference between a 
power vector diagram with a leading power factor and one 
with a lagging power factor. 


Example: A certain over-excited synchronous motor takes 50 kw 
from the line at 90 per cent power factor leading. Find: 


(a) The apparent power taken from the line. 
(b) The leading reactive power taken from the line. 


Solution: 

(a) The apparent power taken. 

Since 50 kw is the effective power, and is 90 per cent of the ap- 
parent power, the apparent power therefore equals a = 55.6 kv-a. 

(b) The leading reactive power. 


Construct Fig. 76, drawing AB to represent the 50 kw effective 
power. In Table I we see that the angle at A must be 26° to corre- 
spond with a power factor of 90 per cent. But note that the vector 
AC of apparent power must lead vector AB of effective power, that 
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is, must be advanced in the direction of the rotation as shown by 
the arrow at the right. 

In the table, the reactive factor corresponding to 90 per cent power 
factor is 0.438. Therefore the leading reactive power represented 
by vector BC equals 0.438 x 55.6 kv-a, or 24.3 kvar. 


Reactive Power 24.3 kvar. 


Effective Power 50 kw. B 


Fic. 76. Vector diagram for 50 kw effective power or 55.6 kv-a of 
apparent power, at 90 per cent power factor, the 24.3 kvar of re- 
active power being leading. 


Prob. 35-4. How much leading reactive power does a synchro- 
nous motor take which is receiving 240 ky-a at 86 per cent leading 
power factor? 

Prob. 36-4. An under-loaded compensated induction motor is 
drawing 475 vars leading reactive power from the line and 12380 
volt-amperes apparent power. 

(a) What is the power factor of this load? 

(b) What effective power is the motor receiving? 


Prob. 37-4. Two synchronous motors are drawing power from 
the same line. One receives 12.5 kv-a at 78 per cent leading power 
factor, the other receives 8.6 ky-a at 95 per cent leading power 


factor. 
(a) What total apparent power do they receive from the line? 
(b) What is the power factor of the total power received by the 


two motors? 
(c) What total leading reactive power do they receive? 


41. Condensers. Condensive Reactance. We found in 
Chapter III that a coil of wire which had a certain resistance 
to direct, current, had a larger impedance to alternating 
current. This was found to be due to the inductive react- 
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ance caused by the changing magnetic field through the coil. 

Exactly the opposite effect occurs in the case of a con- 
denser, which in its simplest form consists merely of two con- 
ducting plates separated from each other by some kind of 
insulator. If we connect the two plates of a condenser to a 
source of direct current, we find that only a very small 
current flows, so small that practically speaking, the current 
is zero. The resistance of a condenser is hence very large if a 
good insulator is used between the plates. 

Now, if we connect the same condenser to an alternating-_ 
current line, we find that an appreciable current flows which — 
will cause an a-c ammeter to deflect. Evidently, the imped- 
ance of a condenser is smaller than its d-c resistance, which is 
just the.opposite to the result found for a coil. 


In order to understand this effect, we must consider briefly how 
electricity is conducted in various materials. According to modern 
theory, all matter is composed of atoms, which in turn consist of 
positive and negative charges of electricity. The positive charge, or 
nucleus, is relatively dense and heavy; the negative charge consists 
of one or more small particles called electrons. It is the flow of these 
electrons whicl constitutes an electric current. They are so small 
that 6,300,000,000,000,000,000 of them must flow by a point in one 
second to produce one ampere. 

All materials contain large numbers of these electrons, more or less 
firmly attached to the atoms. If the bonds between the atoms and 
the electrons are weak, a voltage applied across part of the material 
will easily cause these negative particles to move, and we say the 
material is a good conductor. If, however, the electrons are firmly 
bonded to the atoms, it requires a very high voltage to cause any 
appreciable number of them to move, and we say this material is a 
good insulator. 

When an insulator is placed between two conducting plates and a 
voltage is applied to the plates, the electrons in the insulator cannot 
move freely, but they can shift slightly in position because the bonds 
are more or less flexible. It is this property which permits an alter- 
nating current to flow in a condenser. 

In Fig. 77 a simple condenser is shown with conducting plates 1 
and 2 separated by a piece of insulating material. At A there is 
represented an atom with four electrons bonded to it; these electrons 
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are distributed at random as they would be with no voltage across 
the condenser. If now a source of voltage is connected to the 
plates and at a certain instant plate 2 is positive, the negative elec- 
trons will move toward plate 2 and take up positions as repre- 
sented by atom B in Fig. 77. When all the electrons in the insulator 
have thus been shifted in position, we say the condenser is charged. 

The electrons of the insulator moving toward 
plate 2 exert a repelling force on the free elec- 
trons in the plate, and these in turn move in the 
same direction, forcing all the electrons ahead of 
them to shift also. This process continues 
throughout the circuit until finally an excess of 
electrons appears on plate 1 to replace those 
which have shifted in the dielectric. 

This motion of electrons around the circuit is, 
of course, an electric current. If a d-c voltage Po. 77, A simple 
is applied to the condenser the current lasts e¢ondenser com- 
only a short time and becomes zero after the posed of two me- 
electrons shift. There are so few free electrons _tallic plates sepa- 
in the insulating material that the steady cur- rated by insula- 
rent is very small and the resistance of the tion, 
condenser is large. But when an alternating 
voltage is applied to the condenser, the electrons throughout the 
circuit shift back and forth with the alternations, and this alter- 
nating motion of the electrons is a true alternating current. 


The impedance of a condenser is found by dividing the volt- 
age across it by the current through it, just as we did for a 
coil. However, for most of the condensers used in alternating- 
current circuits, the impedance is practically equal to the 
condensive reactance*; that is, 


_ Voltage 
Impedance (ohms) = Gurrent. 
or practically, 
Voltage 
Condensive reactance (ohms) = Current, 


* There is no perfect insulator, so all condensers will conduct some 
direct current. Hence every condenser has a resistance, but we shall 
see in Chapter VI that the resistance has very little effect on the a-c 
impedance. 
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One of the most important properties of a condenser is that 
it draws leading apparent power at practically zero power 
Conducting factor. Hence these de- 
ee vices are extremely use- 
Terminal ful for power-factor con- 
trol, as will be seen 
in the next paragraph. 

Fig. 78. Large commercial condensers Such condensers are 
contain numerous plates connected pot of the simple type 
in parallel. shown in Fig. 77; they 

consist of many plates and insulators, with the plates con- 
nected in parallel as shown in Fig. 78. The plates are com- 
monly made of aluminum foil, . 

and the.insulation is waxed or 
oilimpregnated paper. Fig. 
79 shows a modern condenser 
for power factor correction. 

42. Combination of Leading 
and Lagging Power Factors. 
It is possible to have connected 
to the same line, some motors 
with lagging power factors and 
others with leading power fac- 
tors. This is generally a de- 
sirable combination because 
the resulting power factor of 
the combination is usually bet- 
ter than that of either set of 
motors. This result is accom- ee 79. es ks high-capacity 
plished by the reactive power vf dee er vrenting rae gn 
of one set being opposed to the 
other, so that at the instant one set of motors requires reactive 
power the other set is ready to give up reactive power and vice 
versa. Thus the two sets of motors supply each other with 


Insulation 


* General Electric trademark for chlorinated hydrocarbon mixture. 
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most of the needed reactive power, or the necessary reactive 
power merely circulates locally between the motors, and very 
little is drawn from the line. 

It is not always desirable or possible to use a type of motor 
which will operate with a leading power factor. In such 
cases, the same result can be secured by the use of “ static ”’ 
condensers described in the preceding paragraph. These de- 
vices have several advantages which are leading to their wide 
application for power factor correction. They not only draw 
leading apparent power, but they require practically no real 
power. There is practically no maintenance cost because 
there are no moving parts and the units are sealed in metal 
containers. They are very compact and may be erected in 
otherwise wasted space. They are available in a wide range 
of sizes and ratings and may be applied economically to small 
installations as well as large ones. 

The action of a synchronous condenser when connected in 
parallel with a lagging load is illustrated by the following 
example. 

Example. A 130-ky-a synchronous motor operating at full load 
with 90 per cent leading power factor is used in the same shop with a 
100-ky-a induction motor operating at full load with 85 per cent 
lagging power factor. Find: 

(a) The total effective power taken from the line. 

(b) The total reactive power taken from the line. 

(c) The total apparent power taken from the line. 

(d) The power factor of the power taken from the line. 

Construct the vector diagram of Fig. 80 for the synchronous 
motor, which shows that the 130 ky-a at 90 per cent leading power 
factor is composed of 117 kw effective power and 56.7 kvar leading 
reactive power. 

For the induction motor construct the diagram of Fig. 81, which 
shows that the 100 kv-a with an 85 per cent lagging power factor is 
composed of 85 kw effective power and 53 kvar lagging reactive 
power. 


(a) The total effective power taken by the two motors is the alge- 


110 ESSENTIALS OF ALTERNATING CURRENTS 


braic sum * of the effective power taken by each motor, or 117 + 85 
= 202kw. This is represented in Fig. 82 by the vector ABi, which 
is merely the sum of the vectors AB of Fig. 80 and AiB; of Fig. 81. 

(b) The total reactive power taken by the two motors is the alge- 
braic sum of the reactive power taken by each. Since 56.7 kvar of 


Cc 85 kw. 


63 kvar. 


66.7 kvar. 


Cy 


AC 117 kw. B 

Fic. 80. Vector diagram for synchro- Fra. 81. Vector diagram for 
nous motor taking 130 ky-a of appar- load taking 100 kv-a of 
ent power at 90 per cent leading apparent power at 85 per 
power factor. cent lagging power factor. 


the reactive power is leading and 53 kvar is lagging, the algebraic 
sum is really the arithmetical difference or 56.7 — 53 = 3.7 kvar. 
Thus the vector B,C, in Fig. 82 is merely the difference between the 
vectors BC of Fig. 80 and B,C; of Fig. 81. This means that at the 


117+85=202 kw. 


66.7—53=3.7 kvar. 


Fia. 82. Vector diagram showing result of putting the loads of Fig. 80 
and 81 together on the same line. AB, is the total effective power, 
B,C, is the total reactive power (leading), and AC, is the total ap- 
parent power taken from the line by the two loads together. 


instant when the synchronous motor needs 56.7 kvar reactive 
power, the induction motor has 53 kvar reactive power just ready 
to be returned to the line, so it gives the 53 kvar to the synchronous 


* The algebraic sum means merely the arithmetical sum or the 
arithmetical difference of the quantities as indicated by the direction 
of the vectors. Thus if the vectors point in the same direction, add 
them arithmetically; if they point in opposite directions, subtract one 
quantity from the other, their resultant or difference being leading or 
lagging the same as the larger of the two vectors. 
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motor instead. Thus the synchronous motor has to draw but 3.7 
kvar reactive power from the line and this must be leading. At 
another instant the induction motor needs 53 kvar reactive power. 
The synchronous motor is just returning the 56.7 kvar to the line at 
this instant and gives 53 kvar to the induction motor and returns 
the rest, 3.7 kvar to the line, still leading. Thus the line has to carry 
but 3.7 kvar reactive power either way; and this is leading, because 
the motors need more leading than lagging reactive power. 

The statement that one motor takes leading reactive power and 
the other lagging reactive power is merely another way of saying 
that one motor is returning its reactive power to the line at the in- 
stant that the other is drawing its reactive power from the line. 

(c) The total apparent power taken by the two motors is repre- 
sented by the vector AC», Fig. 82, the resultant of the total effective 
power, represented by vector AB; of Fig. 82 and the total reactive 
power represented by the vector B,C2. 


AC, = V AB, + BiC2? 
= V 202? + 3.72 
= V40,819 
= 202 kvy-a (practically). 
(d) The power factor of the total power taken by the two motors 
can be found as follows: 


Total effective power 
Total apparent power 


Combined power factor = 


Prob. 38-4. An induction motor taking 40 kv-a at 75 per cent 
lagging power factor is in parallel with a synchronous motor taking 
65 ky-a at 90 per cent leading power factor. Find the total effec- 
tive power taken by the two motors. 

Prob. 39-4. Find the total apparent power and power factor 
taken by the two motors of Prob. 38. 

Prob. 40-4. To what power factor would the synchronous motor 
of Prob. 38 have to be adjusted (by control of its field excitation) 
while still taking the same effective power from the line, in order to 
produce a total power factor of unity? 
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Prob. 41-4. A 2300-volt transmission line is delivering 150 kv-a 
to a load at 80 per cent lagging power factor. If a synchronous 
motor taking 75 kw effective power is added to the line, at what 
leading power factor must it operate so that the line will operate at 
95 per cent lagging power factor? 


Prob. 42-4. In Prob. 41, what current is supplied by the lne 
before and after the synchronous motor is added? 


Prob. 43-4. What is the apparent power taken from a 230-volt 
line when an induction motor is taking 45 amperes at 93 per cent 
lagging power factor and another running at light load takes 27 
amperes at 60 per cent leading power factor? 


Prob. 44-4. Ifa static condenser is used instead of the synchro- 
nous motor in Prob. 41, what reactive power must the condenser take 
at zero power factor, leading, in order to make the line operate at 
95 per cent? What current is supplied by the line under this 
condition? Compare with the result of Prob. 42. 


SUMMARY OF CHAPTER IV 


APPARENT POWER in any part of a circuit is the product of 
the volts across that part and the amperes flowing in that part, 
these quantities being measured by accurate voltmeters and 
ammeters properly connected. The amount of apparent power is 
expressed in terms of VOLT-AMPERES or of kilovolt-amperes 
(= volt-amperes + 1000). 

In a non-inductive circuit, or in a non-inductive part of any 
circuit, the power (watts) is exactly equal to the apparent power 
(volt-amperes), or kilowatts equals kilovolt-amperes. When 
the circuit is inductive, that part of the apparent power which 
goes to build up the magnetic field around the circuit is returned 
by means of the induced back-voltage when the current de- 
creases and the field collapses. This component of apparent 
power is called REACTIVE POWER, and is expressed in terms 
of VARS or kilovars. The reactive power merely circulates 
between the electric circuit and the magnetic field, but is not 
consumed. The active or true power (watts) is transformed 
into mechanical energy or heat, and does not return to the elec- 
tric circuit. 

These relations are most conveniently represented by a 
VECTOR DIAGRAM, or geometrical figure in which the lengths 
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of lines (vectors) are proportional to watts, volt-amperes, and 
vars (or kilowatts, kilovolt-amperes, and kilovars). If power 
(kw) be represented by a horizontal line, then the apparent 
power is represented by a line swung ahead in the direction’ of 
rotation when the power factor is leading, and behind when 
the power factor is lagging, because the apparent power must 
lag behind the effective power with a lagging power factor and 
lead it when the power factor is leading. LAGGING kilovars 
would be represented by a vertical line pointing downward, and 
LEADING kilovars by a vertical line pointing upward, at the 
right-hand end of the power vector. 
It follows that: 


Kv-a = V (kw)? + (kvar)?, 
Kvar = V (ky-a)? — (kw)?, 
Kw = V (kv-a)? — (kvar)?. 


POWER FACTOR of any part of a circuit is the ratio of the 
power (watts, or kw) in that part to the apparent power (volt- 
amperes, or kv-a) in the same part, during the same period of 
time. The power factor of a non-inductive circuit, or non- 
inductive part of a circuit, is unity (1.00, or 100 per cent); the 
power factor of an inductive circuit is less than 1.00. 


kilowatts , 
kilovolt-amperes 


or 


or 


Power factor = 
Similarly, 


kilovars 
Reactive factor = A 


kilovolt-amperes ; 


and 
kilowatts = (kilovolt-amperes) < (power factor) 


or 
kilovolt-amperes = kilowatts + power factor. 


When various loads are connected together either in series or 
in parallel, the total power that must be carried or delivered by 
the supply mains or by the generator, and the total power factor, 
may be found as follows: 


Total kv-a = V (total kw)? + (total kvar)?. 
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Total kw is the algebraic sum of the kw in each individual 
load or part of the circuit, power consumed being considered as 
positive and power generated as negative. 

Total kvar is the algebraic sum of the kvar in each individual 
load or part of the circuit, leading kvar being considered as 
positive and lagging kvar as negative. 

total kw ; 
total kv-a 


Higher power factor is usually desired because it indicates a 
reduction in the amount of volt-amperes (and therefore in the 
size and cost of apparatus) required to handle a given amount of 
real power (watts). High power factor (not exceeding 1.00) ~ 
may be obtained in inductive circuits by making one or more 
of the loads ANTI-INDUCTIVE or CONDENSIVE (so that they 
take leading kvar). Synchronous motors particularly are useful 
in this way; when the field magnets are strengthened they 
tend to draw leading kvar, and when the field magnets are 
weakened they tend to draw lagging kvar. Large numbers of 
static condensers are also being used for power-factor control, 
particularly where loads are scattered and too small to use 
synchronous condensers. When lagging and leading kvar are 
drawn in equal amounts from the same line, the power factor of 
the line is unity (1.00); the reactive power merely circulates 
between the inductive and the condensive loads, and none of 
it is drawn from the generator or line. 


Total power factor = 


PROBLEMS ON CHAPTER IV 


Prob. 45-4. The ammeter shows that a certain generator is 
delivering 25.6 amperes. The voltmeter reads 230 volts. A watt- 
meter shows that 5.1 kw are being delivered. What is the power 
factor of the load? 


Prob. 46-4. A certain single-phase induction motor operates at 
full load at 78 per cent power factor. How many amperes does it 
take from a 115-volt, a-c line if the power taken is 958 watts? 

Prob. 47-4. What is the reactive factor of the motor of Prob. 46? 
What reactive power does it draw from the line? 

Prob. 48-4. A generator is supplying two induction motors in 
parallel which take 92 ky-a each at 220 volts. Each has a lagging 
power factor of 80 per cent. What is the total kv-a output of the 
generator? Total watts output? Power factor of the line? 
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Prob 49-4. If one of the motors in Prob. 48 were replaced by a 
120-ky-a synchronous motor with a leading power factor of 88 per 
cent, what would be: 

(a) The total effective power taken from the line? 

(b) The total apparent power? j 

(c) The power factor of the line? 


Prob. 50-4. In order to improve the power factor of Prob. 48, 
one of the induction motors is exchanged for a synchronous motor 
which carries the same load but takes a leading current. To what 
power factor must the synchronous motor be adjusted and what 
apparent power in ky-a must it take in order to make the power 
factor of the line unity? 


Prob. 51-4. Compare the apparent power supplied by the genera- 
tor in Prob. 48 with that supplied in Prob. 50. What becomes of the 
difference? 


Prob. 52-4. An induction motor taking a lagging line current 
of 22 amperes with a power factor of 75 per cent is connected in 
parallel on a 230-volt line with a static condenser taking a lead- 
ing line current of 35 amperes at zero power factor. 

(a) What total apparent power is drawn from the line? 

(6) What is the power factor of the line? 


Prob. 53-4. An induction motor takes a current of 18 amperes 
at a pressure of 220 volts. The power factor is 0.866. What is the 
angle between the effective and the apparent power of the motor at 
this load and how much power (watts) does it take? 

Prob. 54-4. A synchronous motor is taking a leading current of 
26 amperes at 220 volts. Power factor, 94 per cent. What is the 
angle between the effective and the apparent power of this motor 
under these conditions, and what power does it take? 

Prob. 55-4. If the two motors of Prob. 53 and 54 are put in 
parallel on the same circuit: 

(a) What current will flow in the line? 

(b) What will be the power factor of the power drawn from the 
line? 

(c) How much power will the line be delivering, assuming these 
two motors are alone on a short line? 


Prob. 56-4. What power would be taken from a 230-volt, a-c 
line if the two coils of Prob. 5 and 6 were placed in parallel across 
the line? 
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Prob. 57-4. If a resistance of 50 ohms is added to the line in 
parallel with the coils of Prob. 56, what total power will be 
taken? 


Prob. 58-4. What total current is drawn from the line and what 
is the power factor of the total load: 

(a) In Prob. 56? 

(b) In Prob, 57? 


Prob. 59-4. In a certain circuit the effective power is 400 kw 
and the reactive power (lagging) is 300 kvar. What is the apparent 
power? What is the power factor? 


Prob. 60-4. In Prob. 59, how much leading reactive power is re- 
quired to raise the power factor of the load to 85 per cent, assuming » 
that 300 watts of effective power must be added for every kvar of 
leading reactive power? 


Prob. 61-4. Assume a “‘ synchronous condenser ” of zero power 
factor is connected to the line in Prob. 48. What leading kvar 
must it take to raise the power factor to 0.85? To 0.90? To 0.95? 
To 1.00? Notice the relative increase in size of the synchronous 
condenser required for each 5 per cent increase of line power factor 
and, assuming that the cost of such units is directly proportional to 
the kvar which they must take, discuss the advisability of attempt- 
ing to raise the line power factor clear up to 100 per cent. 

Prob. 62-4. A 500-kv-a synchronous motor is to be operated 
at various power factors (by adjusting the field current), but always 
it must drive such a load as will cause the total apparent kv-a input 
to have full rated value (500 kv-a). For each 10 per cent change 
of power factor from 0.10 to 1.00, calculate the power (watts), the 
reactive power (vars), and the arithmetical sum of these two quanti- 
ties. From this information, decide at what power factor you 
would prefer to operate your synchronous motor, in order to get the 
greatest total benefit (ability to carry real power load plus ability to 
correct poor power factor) for the investment of money which you 
have in this motor. 

Prob. 63-4. Synchronous converters, or “‘ rotaries,’’ give highest 
efficiency, greatest capacity and least trouble when the field excita- 
tion is adjusted so that they take their alternating-current power 
from the line at 100 per cent power factor. A 500-kw converter so 
adjusted is connected to a central station which already has a load 
of 1200 kw at 70 per cent power factor. What is the resulting power 


factor at the station, and the increase in total kv-a output of the 
generators? 
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Prob. 64-4. What is the least kv-a rating of an a-c generator 
which could supply the following loads all connected to the same 
circuit or mains: 430 kw in incandescent lamps, 580 kw to induction 
motors at 0.80 power factor lagging, 150 kw to arc lamps at 0.70 
power factor lagging, and line loss equal to 10 per cent of the total 
load (kw), at 0.90 power factor lagging? 


Prob. 65-4. If the least power factor at which a synchronous 
motor can operate (carrying no real load and serving merely to raise 
the line power factor, or acting as a “ synchronous condenser ’’) is 10 
per cent, what must be the least kv-a rating of such a synchronous 
motor added to the system of Prob. 64-4, in order to raise the power 
factor of the total load on the generators to 100 per cent? 


Prob. 66-4. A bank of incandescent lamps takes 7.5 amperes at 
115 volts. When a reactive dimmer is inserted in series, the circuit 
takes 6.2 amperes, at 73 per cent power factor. 

(a) What power is taken by the lamps when no dimmer is used? 

(6) What power is taken by lamps and dimmer? 


Prob. 67-4. A non-inductive dimmer is used to dim a bank of 
lamps which normally takes 15 amperes from a 115-volt line. The 
dimmer cuts the current down to 8.2 amperes; at this reduced cur- 
rent the resistance of the lamps is only 62 per cent of its former 
value: 

(a) How much power do the lamps take when the dimmer is not 
used? 

(6) How much power is taken by the lamps when the dimmer is 
used? 

(c) How much power is taken by the dimmer? 

(d) How much power is taken by the lamps and the dimmer com- 
bined? 

Prob. 68-4.- If a reactive dimmer is used to reduce the current 
in the lamps of Prob. 67—4 to 8.2 amperes: 

(a) How much power do the lamps take when the dimmer is used? 

(b) If the power factor of the lamps and the dimmer combined is 
70 per cent, how much power (watts) do the lamps and the dimmer 
together use? 

(c) How much power (watts) does the dimmer take when used in 
connection with the lamps? 

Prob. 69-4. (a) How many vars must be taken by the dimmer of 


Prob. 68-4? ; 
(b) At what power factor is the dimmer itself operating? 


CHAPTER V 


CURRENT AND VOLTAGE RELATIONS IN SERIES 
AND IN PARALLEL CIRCUITS 


Tue power taken by a combination of electric appliances 
can be determined best, as we have seen, by means of vector 
diagrams. The same method is used to determine the 
amount of current and voltage in any part of a series or 
parallel combination of appliances. 


Effective Power 1870 watts 


Reactive Power 1166 vars 0 


Cc 


Fic. 83. Vector diagram showing power relations in circuit taking 1 
ampere at 2200 volts, or 10 amperes at 220 volts, with power factor 
85 per cent. 


43. Vector Diagram of Current. When we wish to 
represent 2200 volt-amperes at 85 per cent lagging power 
factor, we have seen that we may construct a diagram like 
Fig. 83. We consider the apparent power AC to be made up 
of two components, the effective power AB and the reactive 
power BC. We represent the idea of lagging by drawing the 
apparent power vector AC at an angle to AB in such a manner 
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that it lags behind AB when the direction of the rotation of 
the diagram is taken into consideration. The power factor 
is represented by the fraction which the length AB is of the 
length AC. This fraction is always 0. 85 when the angle 
between AB and AC is 32°. 

If now we divide each of these power quantities by the 
voltage, we shall obtain the current corresponding to each 
power quantity. Thus if we assume that the voltage is 220 
volts and divide the apparent power of 2200 volt-amperes by 


Actiye Component 8.5 amp. 


Reactive Component 5.3 amp, 


ie) 


Fie. 84. Total or indicated current in a circuit may be analyzed into 
components just as the apparent power was analyzed in Fig. 83; each 
vector here equals corresponding vector in Fig. 83 divided by the line 
voltage. 


220 we obtain 10 amperes. Since this current is a factor of 
the apparent power, we will represent it by the vector AC in 
Fig. 84 which corresponds to the vector of apparent power 
AC in Fig. 83. Similarly divide the effective power 1870 
watts by 220 and we have the current 8.5 amperes, which is 
the current part of the effective power. This we will repre- 
sent by the vector AB in Fig. 84, corresponding to the vector 
AB of Fig. 83. In the same way, vector BC, 5.3 amperes, in 
Fig. 84, corresponds to the vector BC of Fig. 83 and repre- 
sents the current part of the reactive power. It is found by 
dividing the reactive power 1166 vars by 220 volts. Note 
that Fig. 84 is exactly like Fig. 83, each vector representing 
current instead of power and each having a value 54,5 of the 
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value of corresponding power vector. Just as the vector AC 
of apparent power is thought of as consisting of the two com- 
ponents, AB, the effective power, and BC, the reactive power, 
so the vector of indicated current, AC, is thought of as consist- 
ing of the two component vectors AB, the active or power com- 
ponent of current, and BC, the reactive* component of current. 

Similarly, just as in Fig. 83 the vector BC of reactive power 
is drawn downward at an angle of 90° to the vector AB of 
effective power, so in Fig. 84 the vector BC of reactive current 
is drawn downward at an angle of 90° to the vector AB of 
active current. 

We have thus divided the current into two components, 
the active or power component and the reactive component, 
which are represented by vectors at 90° to each other. 

The same relation exists between these current components 
and the indicated current, as between the two power com- 
ponents and the apparent power. 


Thus, 
Power component of current = Current < Power factor, 
or AB = AC X power factor 
= 10 X 0.85 
= 8.5 amperes; 
and 
Reactive component of current = Current X Reactive factor, 
or BC = AC  X reactive factor 
= 10 X 0.53 
= 5.3 amperes; 
and 
Indicated current = V (Active current)? + (Reactive current)? 
or AC = V AB? + BC? 
= V8.5? + 5.3? 
= V 100 (approx.) 
= 10 amperes. 


* Sometimes (incorrectly) called the wattless component of current. 
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Draw rough diagrams and solve the following: 


Prob. 1-5. A single-phase induction motor with lagging power 
factor of 79 per cent takes 52.5 amperes. What is: 

(a) The active component of current? - 

(6) The reactive component of current? 

(c) The angle of lag between the current in the line and the active 
component of current? 


Prob. 2-5. If the pressure on the motor of Prob. 1 is 230 volts, 
what is: , 

(a) The effective power? 

(6b) The reactive power? 

(c) The apparent power? 


Prob. 3-5. A group of incandescent lamps takes 16.2 amperes. 
What is: 

(a) The power component of current? 

(b) The reactive component of current? 

(c) The angle of lag of the current in the lamps behind the power 
component? 


Prob. 4-5. A radio receiver takes 1.43 amperes at 93 per cent 
power factor, from a 115-volt line. 

(a) What is the power component of the current? 

(b) What is the effective power? 

(c) What is the apparent power? 

(d) Compute the reactive component of current. 

(e) What is the reactive power? 


Prob. 5-5. An electric refrigerator motor takes a current of 1.72 
amperes which lags 20° behind its active or power component: 

(a) What is the power component of current? 

(b) What is the reactive component? 

(c) What is the power factor? the reactive factor? 


Prob. 6-5. If the motor of Prob. 5 operates on 115 volts, what is: 
(a) The effective power? 

(6) The apparent power? 

(c) The power factor? 

(d) The reactive power? 


Prob. 7-5. If we put an ammeter in one of the leads of the motor 
in Prob, 5, what current would it indicate? 
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44, Current in Series and in Parallel Circuits. 

(1) Series circuits. A series circuit is one in which all 
the electrical devices are arranged in tandem. Consider the 
simple series circuit of Fig. 85, consisting of an ammeter A, 


1.5 amp. 


Wi 


Ammeter 


A, a 
A L l5amp. | R X 
Fic. 85. Each part of a series circuit carries the same current as in 
every other part, regardless of whether it is a-c or d-c. 


a lamp L, transformer T', a resistance R, and a reactance X. 
If we find that an alternating current of 1.5 amperes flows 
through the ammeter, we know that an alternating current of 
1.5 amperes flows through the entire circuit. The law is 
exactly the same as the law for a direct current flowing 
through a series circuit. 


The alternating current flowing through each part of a series 
circuit is the same as that which flows through every other part. 


Fic. 86. Each of several circuits in parallel receives the same voltage; 
the line current is the vector sum (not the arithmetical sum). of the 
currents in the branches. 


(2) Parallel circuit. In a parallel circuit the electrical 
devices are so arranged that the current is divided among 
them. Consider the parallel circuit of Fig. 86, consisting of 
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two induction motors M and S in parallel across the line. 
The motor M has a lagging power factor of 70 per cent and 
the current through it as indicated by the ammeter F is 20 
amperes. The motor S has a lagging power factor of 95 
per cent and the current through it as indicated by the 
ammeter G is 30 amperes. How much is the line current as 
indicated by the line ammeter? 

(1) Construct rough current diagram, Fig. 87, for motor S. 

By Table I: 

Indicated current vector AsCs lags 18° behind active cur- 
rent vector AsBs when the power factor is 95 per cent lagging. 
The reactive factor is 31.2 per cent for 95 per cent power factor. 

Thus, 

Power current AsBs = 0.95 X 30 = 28.5 amp. 
Reactive current BsCs = 0.312 & 30 = 9.4 amp. 


Active Component 
Active Component 28.5 amp. B Gs 14 amp. 


ies) 
= 


Ag 


Fi 
es ie 
80 Ss | 
pup. So } & 
Morey ae 2 & 
Ss 3 Piles 
Cc S a4 
s 2 
Fic. 87. We may consider that Cy 


two currents flow in S, Fig. 86, 
at the same time; namely 28.5 
amp in phase with line voltage 
and 9.4 amp at 90°. Their re- 
sultant is the 30 amp as _ indi- 


Fria. 88. The 20 indicated am- 
peres to M, Fig. 86, consists 
of 14 amp in phase with line 
voltage, and 14.3 amp at 90° 


cated. oe 
(2) Construct rough current diagram, Fig. 88, for motor M. 
By Table I: 


Apparent current vector AyCy lags 46° behind the active 
current vector Ay,By, when the power factor is 70 per cent 
lagging. The reactive factor is 71.4 per cent for a 70 per cent 
power factor. Thus, 

Power current AyBy, = 0.70 X 20 = 14.0 amp. 
Reactive current ByCy = 0.714 K 20 = 14.3 amp. 
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(3) Construct rough diagram, Fig. 89, for the line current 
feeding the parallel combination of motors M and S, as follows: 
The vector A,B, represents the power component of the 
line current and is equal to the sum of the active components 
of motors M and S. 
ArD = AgBzg (Fig. 87) = 28.5 amp. 
DB, = AyBy (Fig. 88) = 14 amp. 
A,B, = AgBs + Sater d bay; = 42.5 amp. 


Similarly, the vector B,C z, Fig. 89, represents the reactive 
component of line current feeding the two motors. 
FC, = BuCx (Fig. 88) = 14.3 amp. 
B,C, — BsCg + BuCw = 23.7 amp. 
The vector A;C_,, Fig. 89, must, therefore, represent the 
indicated line-current since it represents a total current. of 


28.5 amp. D 14 amp. 


Au 


wo 
Pa 


7 «#94 amp. 


Line 
Co 
Ue 45 
2. 


ep 


14.3 amp. 


Ci 

Fig. 89. Line ammeter in Fig. 86 indicates resultant of total active 
current to both M and S, and total reactive current. which is at 90°. 
This resultant is ArCz; = 48.6 amp. 


which A,B, is the power component and B,C; is the reactive 


component. 
AiC, = VArBr? + BiCz? 
= V 42.57 + 23.7? 
= V2368 
= 48.6 amp. 
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The line ammeter in Fig. 86 would, therefore, indicate a 
line-current of 48.6 amperes. 


This line current of 48.6 amperes as found above is actually the 
combined currents of 30 amperes of motor S and 20 amperes of 
motor M. Since these two currents have different power factors it 
is necessary to add the 30 amperes and the 20 amperes vectorially 
and not arithmetically. The vector AzC,, Fig. 89, therefore repre- 
sents the vectorial sum of the vectors A sC's of Fig. 87, and AyCy 
of Fig. 88. 


As 


Fic. 90. The 20 amperes of M, Fig. 86, is added vectorially to the 
30 amperes of S which is in parallel, to obtain the line current. 


This can be seen more clearly if we construct Fig. 90, in which 
vector AsC's drawn at a lagging angle of 18° to the horizontal, rep- 
resents the 30 amperes of motor S at a lagging power factor of 95 
per cent. The vector AyCy drawn at a lagging angle of 46° to the 
horizontal represents the 20 amperes of motor M at a lagging power 
factor of 70 per cent. To add the two vectors AsCs and AywCy we 
merely attach the tail of one vector to the head of the other, keeping 
them both at their respective angles to the horizontal. The vector 
sum of the two will then be represented by the vector drawn from 
the tail of the first to the head of the last vector. Vector AgCy in 
Fig. 91 is so drawn and represents the vector sum of AsCs and 
AyCwu. 

To find the numerical value of this vector A, sCjy, we may complete 
the triangle A,B,C ,z, of Fig. 92 in which the vector A;Cz, is the 
same as the vector AsC'y, of Fig. 91. 

The triangle of Fig. 92 is exactly the same as the triangle of 
Fig. 89, and can be solved in the same way. In Fig. 89 we con- 
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structed the triangle from the active and reactive components of 
the motor currents, while in Fig. 92 we have drawn in the total 
motor currents first and then resolved them into their active and 
reactive components. Of course the final results are the same. 


Fic. 91. Note that the vector sum of currents to M and S in parallel, 
Fig. 86, is always less than the arithmetical sum unless the power 
factors of M and S happen to be equal. In such case vector A ygC yz 
would be in same straight line with AsCzx. 


28.5 amp. D 4 


AL 


14,3 


CL 


Via. 92. Showing how Fig. 91, as usually drawn, is really derived 
from Fig. 87, 88 and 89. 


The rules for finding the current in a parallel combination 
may be stated as follows: 


(1) Resolve the indicated current taken by each appliance into 
its active and reactive components. 
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(2) Add (algebraically) the active components together and 
the reactive components together. 

(3) The indicated current in the parallel combination equals 
the square root of the sum of the squares of the total active 
component and the total reactive component. 


Prob. 8-5. What is the power factor of the line current in Fig. 
86? 

Prob. 9-5. What line current would the ammeter in Fig. 86 indi- 
cate if the power factor of motor WV were 95 per cent lagging? 


Prob. 10-5. If the power factor of motor M, Fig. 86, were 50 per 
cent lagging and of motor S, 90 per cent lagging, what current would 
the line ammeter indicate? 

Prob. 11-5. How much current would the line ammeter indi- 
cate if the power factors of both motors in Fig. 86 were leading in- 
stead of lagging? 


Prob. 12-5. If the power factor of motor S, Fig. 86, were lagging 
and of motor M were leading, what current would flow in the line? 


Prob. 13-5. Two motors are in parallel on the same transformer. 
Motor No. 1 draws 62 amperes at 76 per cent lagging power factor 
and motor No. 2 draws 95 amperes at 90 per cent leading power 
factor. What current flows in the secondary coil of the transformer? 

Prob. 14-5. What is the power factor of the secondary current 
of the transformer in Prob. 13? 

Prob. 15-5. How much current would flow in the transformer 
secondary if the power factor of Motor No. 1, Prob. 13, were leading 
and if the power factor of Motor No. 2 were lagging? 

Prob. 16-5. A certain house has fourteen 50-watt, 115-volt 
Mazda lamps and a motor taking 360 watts at 65 per cent power 
factor. How much current do the main leads carry into the house 
when all appliances are being used? 


45. Vector Diagram of Voltage. Just as alternating 
currents and alternating-current power are represented by 
vector diagrams, so also we may represent alternating volt- 
age. Thus Fig. 93 is the power vector diagram for 2200 
apparent volt-amperes at 85 per cent lagging power factor, 
the vector AB representing the true power of 1870 watts and 
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BC the reactive power of 1166 vars. If we assume 10 
amperes to flow, then the voltage of the apparent power 
must be 222°, or 220 volts, the voltage of the effective power 
1870 or 187 volts, and the voltage of the reactive power 145, 
or 116.6 volts. The voltage of the apparent power is called 
the indicated voltage because it is the voltage which a volt- 
meter would indicate if put across the circuit. The voltage 


Effective Power 1870 watts 


Reactive Power 1166 vars 


Cc 


Fie. 93. Vector diagram showing power relations in circuit taking 1 
ampere at 2200 volts, or 10 amperes at 220 volts, with power factor 
85 per cent. 


of the effective power is called the active component of the 
voltage, and the voltage of the reactive power is called the 
reactive voltage.* 

The active component of voltage, 187 volts, is represented 
by the vector AB, Fig. 94, just as the effective power is 
represented in Fig. 93 by the vector AB. But the reactive 
component of voltage, 116.6 volts is represented by the vector 
BC in Fig. 94, drawn upward at an angle of 90° to the vector 
AB of the effective component, while the reactive power is 
represented by the vector BC drawn downward at an angle 
of 90° to the vector AB representing the effective power. 


* The reactive voltage is sometimes (incorrectly) called the wattless 
component of the voltage. 
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The reason why the vector of reactive voltage is drawn 
upward while the reactive vectors of power and current are 
drawn downward will be explained later. The fact, however, 
must be carefully observed. 

The active voltage of 187 volts is then Ponfoorated by the 
vector AB, Fig. 94, lagging 32° behind the indicated voltage 
AC, while in Fig. 93, the active power is represented by a 
vector AB leading the vector of apparent power AC by 32°. 


Reactive Component 116.6 volts 


Active Component 187 volts B 


Fic. 94. An “active” voltage of 187 in phase with the current, added 
vectorially to a “reactive” voltage of 116.6 at 90° with the current, 
gives a resultant or total voltage of 220, which the voltmeter indicates. 


This apparent or indicated voltage of 220 volts with a lagging 
power factor of 85 per cent, or having an active component lagging 
32°, may be likened to a 220-lb pull on a car, at an angle of 32° to 
the direction in which it is desired to move the car. The active pull 
in the desired direction would be only 187 lb. This is shown in 
Fig. 95, in which the vector AC represents the apparent or indi- 
cated pull on the car, but at an angle of 32° to the proper direction. 
The vector AB of 187 lb represents the active component of this 
pull, since it is in the direction of motion, along the track. The 
vector BC of 116.6 lb represents the reactive component since it 
merely pulls the car sideways against the rails and not forward. 
Thus while there is a total or apparent pull of 220 lb on the car 
there is only an active pull of 187 lb, because of the angle at which 


the pull is acting. 
Thus the same relations exist among the indicated voltage, 
the active component of voltage and the reactive component 
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of voltage as among the apparent power, the effective power 
and the reactive power. This may be stated as follows: 


The active component of voltage 
= Indicated voltage < power factor. 
In this case, 
AB = 220 X 0.85 
= 187 volts. 


The reactive component of voltage 
= Indicated voltage X reactive factor. 


116.6 lb. Reactive Pull 


187 lb. Active Pull B 


Fig. 95. If acar is pulled with 220 lb at 32° to the track, only 187 lb 
of this is active in producing motion along the track. The other com- 
ponent, of 116.6 lb, merely forces the car sidewise against the track. 
In this case, 

BCG =220' * 053 
= 116.6 volts. 


Indicated voltage 


= V (active component)? + (reactive component)”. 


AC = vV 1872 + 116.62 
= 220 volts. 
Prob. 17-5. 


In a 230-volt, single-phase induction motor operat- 
ing at 82 per cent lagging power factor, find: 
(a) The power component of voltage. 
(6) The reactive component of voltage. 


(c) The angle between the indicated voltage and its power com- 
ponent, 
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Prob. 18-5. If the motor of Prob. 17 takes 14.5 kilowatts from 
the line, find: 

(a) The effective power. 

(6) The reactive power. 

(c) The angle of lag between the apparent power and the effec- 
tive power. 

Prob. 19-5. In the motor of Prob. 18, what is: 

(a) The indicated current? 

(6) The power component of current? 

(c) The reactive component of current? 

(d) The angle of lag between the indicated current and the power 
component of current. 

Prob. 20-5. What is the power component of the current in a 
110-volt induction motor taking 1.5 kw and operating at 92 per cent 
power factor leading? 

Prob. 21-5. How large is the reactive component of: current in 
the motor of Prob. 20? 


Prob. 22-5. A house has eighteen 60-watt, 115-volt, Mazda 
lamps. What is the current in the house mains? 


Prob. 23-5. What is the power component of current in the 
mains of Prob. 22? 

Prob. 24-5. How large is the reactive component of the current 
in the house mains of Prob. 22? 

46. Voltage in Parallel and in Series Combinations. 

(1) Parallel Circuit. If we place a coil and a relay in par- 
allel across a 30-volt line as in Fig. 96, a voltmeter, V, placed 


Fia. 96. Voltage across a parallel combination is the same as the volt: 
age across each part of the combination. 


as in the diagram will show the voltage across both the coil 
and the relay, since it measures the voltage between the two 
points where the coil and the relay are connected. The volt~ 
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age across the relay and the voltage across the coil is the 
voltage across the line. In other words, the rule for the volt- 
age across a parallel combination is the same for alternating 
current as it is for direct current. 


The voltage across a parallel combination is the same as the 
voltage across each part of the combination. 


(2) Series Circuit. Suppose that we put the relay and the 
coil of Fig. 96 in series on a line as in Fig. 97. If the volt- 
meter V; across the coil indicates 25 volts and the voltmeter 


Fia. 97. Voltage across a series combination cannot be the arithmetic 
sum of voltages across parts of the combination unless all power 
factors are equal. 


V2 across the relay indicates 40 volts, what should we expect 
the voltmeter V across the series combination of the two te 
read? 

Since the power factors of the two appliances are different, 
we know that the voltage across the two in series cannot be 
the arithmetical sum of the voltage across the relay and the 
voltage across the coil. 

The simplest method of obtaining the voltage across a 
series combination is to resolve the separate voltages into 
their active and reactive components, combine them and 
find their resultant indicated voltage as in Fig. 98, 99 and 
100. 

The vector AcCo, Fig. 98, represents the indicated voltage 
of 25 volts across the coil. As the power factor of the coil is 
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80 per cent, the angle between the indicated voltage and the 
active component of voltage AcBe must be 37° according to 
Table I.* The vector BoC then represents the reactive com- 
ponent of the voltage across the coil, and is drawn upward at 
90° to AcBe. By the table, the reactive 
factor is 60 per cent for a power factor of 
80 per cent. 
AcBo = 25 X 0.80 = 20 volts, 
BCo = 25 X 0.60 = 15 volts. 
Similarly, Fig. 99 represents the indi- 
cated voltage across the relay, resolved 
into its active and reactive components. 


CR 


36.6 volts 


Co 
we, 3 
fs) = 
ey g 
= 
Ac? 20 volts Be AR 16 volts Br 


Fie. 98 and Fie. 99. The 25 volts across the coil at 0.80 power factor, 
in Fig. 97, consists of 20 active volts in phase with current, and 15 
reactive volts at 90° to the current. Similarly the 40 volts across the 
relay with 0.40 power factor consists of 16 volts in phase and 36.6 volts 
at 90° with the same current. 


The angle between the vector AC of the indicated 
voltage and the vector A,zBr of the active component, by 
Table I, is approximately 66° for a power factor of 40 per 
cent. The corresponding reactive factor is 0.916 


The active component ArBr = 40 X 0.40 = 16 volts. 
The reactive component BrCe = 40 X 0.916 = 36.6 volts. 


* It will be noted that the angle 37° does not exactly correspond to 
a power factor of 80 per cent, but rather to that of 79.9 per cent. Note 
also that the reactive factor for 37° is 60.2 per cent rather than 60 per 
cent as used in the above computation. For most problems it is precise 
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In Fig. 100, A,B, represents the active component of the 
voltage across the series combination of the relay and coil and 
is equal to the sum of the active component (20 volts) of the 
voltage across the coil plus the active component (16 volts) 
of the voltage across the relay. 

Active component of voltage across series combination = 
20 + 16 = 36 volts. 

The vector B,C; drawn upward at an angle of 90° to the 
active component A,B, represents the reactive component 
of the voltage across the series combination and equals the 
sum of the reactive component (15 volts) of the voltage across 
the coil plus the reactive component (36.6 volts) of the volt- 
age across the relay. 


enough to work to the nearest degree or half degree for the angles 
corresponding to various power and reactive factors. 

It is not necessary, however, to use Table I for corresponding power 
factors and reactive factors. It will be noted that if we square the 
power factor and the reactive factor corresponding to any angle, the 
sum of the squares always equals 1.00. For instance, the power factor 
corresponding to 30° is 0.866, and the reactive factor is 0.500. 


0.8662 = 0.750 
0.5002 = 0.250 
Sum of the squares = 1.000 


Thus, in any case, we have merely to subtract the square of the power 
factor from 1 in order to obtain the square of the reactive factor. Ac- 
cordingly, when in the above example we use the power factor of 80 
per cent in order to find the corresponding reactive factor, we merely 
subtract the square of 80 per cent (or 0.640) from 1.00; that is, 1.00 — 
0.640 = 0.360. The square root of 0.360 is 60 per cent, which is the 
reactive factor used. 

The rule is generally stated by the equation: 


Reactive factor = V 1.00 — (power factor)?. 


Note also that: 


Power factor = V1.00 — (reactive factor )2, 


CURRENT IN PARALLEL CIRCUITS 135 


Reactive component of voltage across the series combina- 
tion, 
B,C, = 15 + 36.6 = 51.6 volts. 


CL 


Bt 


AL! 7 20 Bo 16 


Vie. 100. Total voltage (V = 63) across the series combination of 
Fig. 97 is the vector sum or resultant of total active voltage in relay 
and coil, in phase with current, and total reactive voltage at 90° to 
the current. Compare Fig. 98 and 99. 

The vector A,C, represents the indicated voltage across the 

series combination. 


Az,C, = V (AxBz)? + (B1C1)? 
= V 36? + 51.6? 
= 63 volts. 
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The voltage is thus 63 volts across a series combination of 
25 volts with 80 per cent lagging power factor and 40 volts 
with 40 per cent lagging power factor. The voltmeter V, 
Fig. 97, would, therefore, indicate 63 volts. 


Prob. 25-5. What would be the voltage across the series combi- 
nation of Fig. 97 if the coil had a power factor of 70 per cent, and the 
relay a power factor of 50 per cent? 

Prob. 26-5. If the impedance of the coil in Fig. 97 is 20 ohms, 
how much current flows: 

(a) Through the relay? 

(6) Through the coil? 

(c) Through the combination of coil and relay? 

Prob. 27-5. What is the indicated voltage across the series com- 
bination of a set of Mazda lamps and a dimmer or choke coil? The 
voltage across the lamps is 62 volts and across the dimmer is 8& 
volts. The power factor of the dimmer is 25 per cent lagging. 


Prob. 28-5. What would be the indicated voltage across the 
combination of Prob. 27 if the dimmer had a power factor of 95 per 
cent? 


Prob. 29-5. Two coils of 63 per cent power factor each are 
joined in series. The voltage across each is 115 volts. What is the 
voltage across the combination? 


Prob. 30-5. What would be the voltage across the series com- 
bination of Prob. 25-5 if the coil were replaced by a condenser 
taking the same voltage but with a leading power factor of 15 per 
cent? 


47. Similarity of Diagrams for Power, Current and 
Voltage. It will be noted from the foregoing paragraphs 
that the vector diagrams for power, current and voltage are 
exactly similar. All are right triangles, having the apparent 
(or indicated) values as the hypothenuse, and the active. (or 
effective, or power) components at right angles to the re- 
active components. 

Note particularly that in every case of lagging power 
factor in the power diagram and the current diagram, the 
reactive vector is drawn downward at an angle of 90° to the 
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active or power vector. In the voltage diagram it is drawn 
upward. When the power factor is leading, the reverse is 
true. 

In all cases, 


The effective (or active) component 

= apparent (or indicated) value < power factor. 
The reactive component 

= apparent (or indicated) value X reactive factor. 


The apparent (or indicated) value always equals the square 
root of the sum of the squares of the active and reactive 
components. 

48. Do not Resolve Both the Voitage and Current Vectors 
into Active and Reactive Components. While it is possible 
to resolve either the current or the voltage into their active 
and reactive components, no advantage is gained in resolving 
both the voltage and current of a single problem into their 
components, and it usually results in confusion to do so. 
Thus, if an appliance of 4 ohms impedance and 80 per cent 
lagging power factor is placed across a 20-volt circuit, 
we know that an indicated current of 2,2, or 5 amperes will 
flow. 

In order to find the indicated current, we divide the indi- 
cated voltage by the impedance. Or, in order to find the 
indicated voltage, we may multiply the indicated current by 
the impedance, 5 X 4, or 20 volts. 

To find the power, we have our choice of three methods: 


(1) We may draw a power diagram as in Fig. 101. 
The vector A,Cp represents the apparent power, 
20 x 5, or 100 volt-amperes. The vector A pB> repre- 
sents the effective power. The vector ApC> is drawn 
lagging at an angle of 37° behind ApBp because the 
angle 37° corresponds to a power factor of 80 per cent. 

The value of the vector ApBp of effective power 
may be found from the equation: 
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Effective power = apparent power X power factor 
(20 X 5) X 0.80 
= 80 watts. 


(2) Or we may resolve the current of 5 amperes 
into its active and reactive components as in Fig. 102. 
The vector AcCco represents the indicated current 

Ei atte : of 5 amperes. The vector 

* AcBo represents the active 
component of the current, 
5 X 0.80, or 4amperes. AcCe ~ 
is drawn lagging an angle of 
37° behind AgBe because 
this angle corresponds to 
the power factor of 80 per 

Cp cent. 

Fia. 101. Power diagram for 5 The effective power always 
amperes at 20 volts, with 80 per equals the product of the 
cent power factor, showing rela- active component of current 


tions between active, reactive, times the indicated voltage 
and total apparent power. Thus 
? 


AQ 


60 vars 


Effective power = active component of current X 
indicated volts 

(5 X 0.80) X 20 

= 80 watts. 


(3) Or we may resolve the indicated voltage of 20 
volts into its active and reactive components as in 
Fig. 103. The vector AyCy represents the indicated 
voltage of 20 volts. The vector AyBy represents the 
active component of voltage, 20 X 0.80, or 16 volts, 
in phase with the current, and is drawn lagging by an 
angle of 37° behind AyCy because the angle of 37° 
corresponds with this power factor. The current and 
the active component of voltage AyBy lag 90° behind 
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ByCy, which is consumed in overcoming tle back 
voltage produced by inductance. 

The effective power always equals the product of 
the active component of voltage times the indicated 
current. Thus, 


Effective power = active component of voltage X 
indicated current 

(20 X 0.80) xX 5 

= 80 watts. 


Bc Cy 


3 amp. 
D 


12 volts 


Co AvG By 


16 volts 


ie. 102. Current diagram corre- Fie. 103. Voltage diagram corre- 
sponding to Fig. 101. sponding to Fig.. 101. 


(1) Note that we may multiply the indicated volts 
by the indicated amperes and obtain the apparent 
power. This multiplied by the power factor gives us 
the effective power. Or, 

(2) We may multiply the indicated current by the 
power factor and obtain the active component of 
current. This multiplied by the indicated voltage 
gives us the effective power. Or, 

(3) We may multiply the indicated voltage by the 
power factor and obtain the active component of 
voltage. This multiplied by the indicated current 
gives us the effective power. 

Thus we either multiply the active component of current 
by the indicated voltage, or the active component of voltage 
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by the indicated current. We never use the active compo- 
nent of current and the active component of voltage in the 
same equation to obtain effective power. 

49. Real Meaning of Lead and Lag. Phase. The reason 
why we do not use the active component of current and the 
active component of voltage in the same equation may be 
explained as follows. 

The voltage (20 volts) of the preceding example is being 
used to force a current of 5 amperes through an appliance. 
But the only power consumed by the appliance is the power 
consumed by the active component of the 20 volts in foreing — 
the current through the appliance. The remainder of the 
power is returned to the line in the same way that a flywheel, 
using up only the power necessary to overcome the resistance 
to motion, returns the rest of the power to the engine to carry 
it over the dead centers. 

Therefore, although the 20-volt pressure was forcing 5 
amperes through the 
appliance, the active 
component of voltage 
= consisted of only 
ne 20 X 0.80, or 16 volts. 
Thus only 16 X 5, or 
80 watts of power 
were being used. The 
Via. 104. Five amperes current at 20 PORCINE Due ais 

volts pressure at 80 per cent power fac- sented by the product 

tor, the current lagging behind the of the reactive com- 

voltage. ponent of voltage (12 

volts) times the cur- 
rent, or 12 X 5 = 60 vars, was returned to the line. 

For this reason it is customary to represent the current and 
voltage conditions by a current diagram like Fig. 104, when a 
current of 5 amperes is forced through a circuit by a pressure 
of 20 volts with a lagging power factor of 80 per cent. Since 


Cy 


i 37° 
A Samp, Cy 


CURRENT IN PARALLEL CIRCUITS 141 


\he angle corresponding to 80 per cent is 37°, we draw the 
current vector AC; representing 5 amperes lagging 37° be- 
hind the voltage vector ACy representing 20 volts. It is not 
even necessary to draw them both to the same scale. 

We then resolve the voltage into its two components as in 
\fig. 105, ABy representing the 16 volts active component of 
‘roltage and ByCy representing the reactive component of 
‘roltage. 

Since the vector representing active component of voltage, 

4 By, lies along the same line as the indicated current vector 
4 Co, we say that the active component of voltage is in phase 


Cy 


12 volts 


>Co bamp 


16 volts B v 


Fig. 105. Voltage resolved into its active and reactive components. 
Compare Fig. 104. 


with the (indicated) current, and the power consumed is only 
that power represented by the product of the current and as 
much of the voltage as is in phase with the current. 

Thus the effective power in this case equals the product 
of the indicated current (5 amperes) times that component 
of the voltage which is in phase with the current (16 volts), 
that is, 16 X 5, or 80 watts. 

The reactive component of voltage is represented by a 
vector ByCy drawn up at right angles to both the power 
component of voltage and the indicated current AC¢. The 
reactive volt-amperes then equals the product of the indicated 
current times this reactive component of voltage. In this 
case the reactive power equals the product of the indicated 
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current (5 amperes) times the reactive component of voltage 
(12 volts), that is, 5 X 12, or 60 vars. 

This phase relation of the current to the voltage when the 
power factor is 80 per cent lagging can also be represented as 
in Fig. 106. Note that the voltage starts at zero, grows to a 
maximum, dies out to zero again, grows to a maximum in 
the opposite direction and dies to zero again. The current 
curve goes through an exactly similar cycle. But note that 


Fie. 106. Current reaches its maximum value (b) 37° (or 3%5"p of the 
time required for one complete cycle) after the voltage has passed its 
maximum value (a) in the same direction through the circuit. This 
corresponds to a power factor of 80 per cent lagging. 


at all times the values, of the current are 37° behind the 
corresponding values of the voltage because we have seen 
from Table I that the current lags 37° behind the voltage 
when the power factor is 80 per cent lagging. Thus the 
current curve does not start up from zero until the voltage 
curve has gone through 37° of its cycle. The current does 
not become zero again until 37° after the voltage has become 
zero. Similarly, the current does not reach its maximum 
values until 37° after the voltage has reached its maximum 
in the same direction as shown at (a) and (b). This method 
of representing a current lagging behind a voltage gives a 
little clearer mental picture of what lag means but is not so 
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useful for obtaining derived numerical values, as in the com- 
putation of power. 

A leading current is represented in the same way except 
that the current curve is drawn so that it reaches its values 
ahead of, instead of behind, the corresponding values of the 
voltage. 


Prob. 31-5. (a) Represent by diagrams similar to Fig. 105 and 
106 the current and voltage relations in an appliance through which 
230 volts forces a current of 14 amperes at 84 per cent lagging power 
factor. 

(6) What is the apparent power? 

(c) What is the effective power? 


Prob. 32-5. Repeat Prob. 31-5 with a leading power factor of 
84 per cent. 


Prob. 33-5. In a certain reactive dimmer the current of 15 
amperes lags practically 90° behind the pressure of 72 volts. 

(a) Draw diagrams of these conditions, similar to Fig. 105 and 
106. State the power factor and the reactive factor. 

(b) Compute the apparent power. 

(c) Compute the effective power. 

(d) Compute the reactive power. 

Prob. 34-5. (a) Represent the conditions in a Mazda lamp cir- 
cuit taking 5.5 amperes at 115 volts, by diagrams similar to Fig. 105 
and 106. 

(b) Compute the apparent power. 

(c) Compute the effective power. 

(d) Compute the reactive power. 

Prob. 35-5. An induction motor takes 16 kw at 230 volts and 70 
per cent lagging power factor. Represent the conditions by dia- 
grams similar to Fig. 105 and 106 and compute: 

(a) Apparent power. 

(b) Indicated current. 

(c) Reactive power. 

Prob. 36-5. Repeat Prob, 35-5, using a leading power factor of 92 
per cent. 

50. Relation of the Induced Back Voltage to the Im- 
pressed Voltage. It will be remembered that the voltage 


applied to the primary coils of a transformer may be divided 
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into two parts as stated in paragraph 27, one part being 
needed to overcome the induced back voltage, the other part 
being used to overcome the resistance of the primary coils. 
The voltage necessary to overcome the resistance is com- 
posed entirely of active voltage. The induced back voltage 


(@: 


115 volts 
116 volts, 


90° 
B 
0.08 volt 


Fig. 107. With 
low power 
factor, practi- 
cally all of the 
voltage is re- 
active, and 
current lags 
nearly 90° be- 
hind indicated 
voltage. 


factor 


in an unloaded transformer is entirely 
reactive voltage. Thus we see that when 
we send an exciting current through the 
primary coils, that part of the impressed 
voltage needed to overcome the induced 
back voltage of the coil leads 90° that part 
of the voltage needed to overcome the resist- 
ance of the coils. 

The problem in paragraph 27 was to find 
the value of the induced back pressure when 
115 volts were applied to a 0.55-ohm coil, 
and forced 0.15 ampere through it. 

The voltage necessary to force 0.15 am- 
pere against 0.55 ohm resistance is only 
0.15 X 0.55, or 0.08 volt. This is repre- 
sented in Fig. 107 by the vector AB, which 
is drawn much longer than it really should 
be because it is impossible to represent so 
small a quantity on the same scale as the 
vector AC of 115 volts. The vector AC rep- 
resents the indicated 115 volts, which is 
made up of the power component AB and 
the reactive component BC. The vector 
AB must lag behind the vector AC 
by an angle corresponding to the power 


; tie or 0.000696. From Table I this angle is seen to 


be almost 90°, as 89° corresponds to a power factor of 0.017 
which is still over 20 times as large a power factor as 0.000696. 
The vector BC, representing the reactive component, or 
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the voltage used in overcoming the induced back voltage, 
must, therefore, be practically equal to the vector AC or 115 
volts. Even in Fig. 107, this is apparent, but if vector AB 
could be drawn small enough in comparison with AC, the 
practical equality of AC and BC would be still more apparent. 

Thus in paragraph 27 when we made the assumption in 
the case of a coil possessing only 0.55 ohm resistance, that 
the induced back voltage was practically equal to the applied 
or indicated voltage of 115 volts, we were entirely justified. 


Fig. 108. An alternating current (or voltage) continually changes in 
value and in direction as time progresses. The particular manner of 
change is represented by the “ wave form” of the current (or voltage). 
For the usual mode of variation, shown here, the meter indicates a 
value of 0.707 times the maximum value attained during each cycle. 


51. Relation between the Effective and the Maximum 
Values of Current and Voltage. When we wish to describe 
the value of a given alternating current, we have seen that 
we state it in terms of amperes; thus, we speak of an alter- 
nating current of 10 amperes, or of 50 amperes. But an 
alternating current is continually changing in value, as is 
shown in Fig. 108. For instance, in Fig. 108, at given in- 
stants, marked a, c, e, it has a value of zero, while at other 
instants marked b and d it has a value of 14.1 amperes. But 
if we were asked what was the value of the alternating cur- 
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rent represented by Fig. 108 we would say neither zero nor 
14.1 amperes, but 10 amperes. The 10 amperes is called the 
effective value of the alternating current and is the value 
which an a-c ammeter would indicate. It is the value which 
a direct current would have if it produced the same amount 
of heat in the same time in the same circuit. It is slightly 
greater than the average of all the values which the current 
goes through in a cycle. Thus, if we had a steady current 
of 10 amperes going through a circuit it would produce the 
same heating effect as an alternating current of 10 amperes 
in the same circuit, although the alternating current would 
at some instants be less than 10 amperes and at other instants 
greater. However, it would be said to have an effective 
value of 10 amperes. 

The greatest value which a standard alternating current 
will have at any instant is called its maximum value and-is 
always equal to 1.41 times the effective value. This may be 
written in the form of an equation: 


Maximum value of current = 1.41 X effective value of current. 


Thus, if an alternating current is stated as being of 10 
amperes, it will twice during each cycle reach a value of 
1.41 X 10, or 14.1 amperes. These instants are represented 
by the points 6 and din Fig. 108. There are also two points 
in every cycle, represented by a and c in Fig. 108, when this 
10-ampere current has a value of zero. At all other instants 
the current has a value somewhere between 0 and 14.1 
amperes. If the number of amperes is not expressly stated 
to be the maximum value or an instantaneous value, it is 
always assumed to be the effective value. 

The same relation exists between the effective voltage and 
the maximum voltage. When we speak of an alternating 
voltage of 110 volts, we always mean an effective voltage of 
110 volts. But there are two instants in each cycle when 
the voltage has a maximum value of 1.41 X 110, or 155 volts. 
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This is one of the reasons why an alternating voltage of 110 
volts seems to produce so much more of a shock than a direct 
voltage of 110 volts. A person getting across a 110-volt 
alternating-current circuit of 60 cycles is subjected to the 
maximum voltage of 155 volts 120 times during each second 
he remains in contact with the circuit. The fact that at 120 
instants during the same second he has no voltage across his 
body only makes the effect at the instants of 155 volts seem 
the more violent. 


SUMMARY OF CHAPTER V 


The INDICATED CURRENT, which would be measured by 
an ammeter in series with a circuit, is conveniently considered 
as being composed of two parts: an ACTIVE COMPONENT, or 
power component, which delivers the power that is consumed 
in the circuit, and a REACTIVE COMPONENT (sometimes 
incorrectly called ‘‘ wattless ”? component) which delivers the 
power that is merely stored in the magnetic field around the 
circuit to be returned later to the generator. 


Active component = indicated current < power factor. 
Reactive component = indicated current X reactive factor. 


These currents are related to one another as the sides of a 
right triangle, the length of one side being proportional to the 
active component, of the other side to the reactive component, 
and of the hypothenuse to the actual resultant or indicated cur- 
rent. It follows, then, from the geometrical properties of a right 
triangle, that 


Indicated amperes = VJ (active amperes)” + (reactive amperes). 


The reactive component of the (indicated) current may either 
lag or lead by 90° (or one-quarter cycle) with respect to the 
active component, depending upon the nature of the circuit — 
its composition, arrangement, and surroundings; in an inductive 
circuit the reactive component lags 90°, and in a condensive 
(anti-inductive) circuit the reactive component leads 90°, just 
as we assumed the active power to lag behind the apparent 
power in an inductive circuit, and to lead it in a condensive 


circuit. 
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Similarly the INDICATED VOLTAGE between any two points 
in a circuit, which would be measured by a voltmeter connected 
to those points, is conveniently considered as being composed 
of two parts, an active component (power component) 
and a reactive component (‘‘ wattless’? component). The 
reactive component is equal to the induced back voltage. The 
relations between indicated voltage and its components, and 
the power factor and reactive factor, are exactly similar to the 
relations already stated to exist in the case of currents. The 
effect of a given indicated current is exactly the same as if its 
active and reactive components were forced through the same 
circuit at the same time, but from separate generators or sources 
of power; and the effect of a given indicated voltage is exactly 
the same as if its active and reactive components were added 
together in the same circuit but originated in separate genera- 
tors or sources of power. 

Study of the relations between indicated or apparent values of 
current, pressure and power, and their respective active and 
reactive components, discloses the following relations: 


Watts = apparent volt-amperes X power factor 
= indicated volts X active component of amperes 
indicated amperes X active component of volts. 


ll 


. Vars 


ll 


apparent volt-amperes X reactive factor 
indicated volts X reactive component of amperes 
indicated amperes X reactive component of volts. 


ll 


I 


Reactive factor may be found directly from the power factor, 
or vice versa, by a simple calculation without the use of a table 
of factors. Thus, 


Reactive factor = V 1.00 — (power factor)2. 


A table is necessary only to find the corresponding angle, but 
most of the usual practical calculations can be made by means 
of these factors, without knowing the angles. The reason for 
the relation stated above will be apparent from careful study of 
current and power relations previously stated. 

In SERIES CIRCUITS, every part carries the same amperes, 
but the voltages across the various parts must be added to- 
gether by a vector diagram to find the total voltage across the 
whole circuit. Multiply the indicated voltage across each part 
by the power factor of that part to obtain the active component 
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of voltage in that part; similarly, multiply the indicated voltage 
by the reactive factor to find the reactive component of voltage in 
that part. Add together all active components to find active 
component of the total voltage; add together (algebraically) 
all reactive components to find reactive component of the total 
voltage. These components of the total voltage are at right 
angles to each other; therefore, 


Indicated total voltage = 


Vv (sum of active components )? + (sum of reactive components). 
sum of active components 
_ indicated total voltage 


Power factor of whole circuit = 


In PARALLEL CIRCUITS, each of the parallel parts receives 
the same voltage, but the currents in these parts must be added 
together by a vector diagram to find the total or indicated cur- 
rent in the mains. Multiply the indicated value of current in 
each path by the power factor of that path, and add together the 
active components of current so obtained to find the active 
component of the total current. Multiply the indicated value 
of current in each path by the reactive factor of that path, and add 
together the reactive components so obtained to find the reactive 
component of the total current. Then, 


Indicated total current = 


V (sum of active components)” + (sum of reactive components)?. 
sum of active components 
indicated total current 


Power factor of whole circuit = 


In making these summations, an active component of current 
or voltage or power is considered as positive when it is gener- 
ated in or supplied to the circuit, and as negative when it is 
consumed by or dissipated in the circuit. Similarly, a reactive 
component is considered as positive when it is leading, and as 
negative when it is lagging. It is the oppositeness of these 
signs which is of greatest significance. 

When two alternating currents, or two voltages, or a current 
and a voltage, reach their maximum values in the same direction 
at the same instant, and their zero values at the same instant, 
then these two quantities are said to be IN PHASE with each 
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other. Thus, a circuit has 100 per cent power factor when the 
voltage and the current are in phase with each other. When 
quantities are in phase with each other, the vectors representing 
them are in line with each other, and pointing in the same 
direction. 

An alternating current or voltage passes regularly through 
various INSTANTANEOUS VALUES between zero and the 
MAXIMUM VALUE. When the value is stated in amperes 
or in volts without qualification, we mean the EFFECTIVE 
VALUE which would be indicated by a correct ammeter or 
voltmeter. The effective value of any alternating current is the 
value which a direct current or unvarying current would have 
if it produced the same amount of heat in the same time in the 
same circuit. When a current or voltage alternates (at any 
frequency) in the manner which has been adopted as standard, 
we have the relation: 


Maximum instantaneous value = 1.41 X effective value. 


PROBLEMS ON CHAPTER V 


Prob. 37-5. (a) What total effective power is being delivered 
to the two motors in Fig. 86? Line volts = 280. 

(b) What total apparent power? 

(c) What is the power factor of the total power delivered to the 
motors, and how does it compare with the power factor of the line 
current as found in Prob. 8-5? 


Prob. 38-5. If motor M of Fig. 86 takes 35 kw at 220 volts with 
a lagging power factor and motor S takes 50 kw with a leading 
power factor, what total effective power do they both take? Power 
factors are as indicated in Fig. 86. 


Prob. 39-5. What total apparent power do the motors of Prob. 
38 take from the line? 


Prob. 40-5. What current flows in the line in Prob. 38? 


Prob. 41-5. If motor M in Fig. 86 takes 22 kw at 440 volts with 
lagging power factor of 76 per cent, at what leading power factor 
must motor S operate in order to draw 18 kw from the line and pro- 
duce unity power factor for the combination of the two motors? 


Prob. 42-5. What is the impedance of the coil in Fig. 96 if it 
draws 0.8 ampere from the line? 
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Prob. 43-5. The impedance of the relay in Fig. 96 is 60 ohms. 
How much current does the combination of the coil of Prob. 42 and 
the relay draw from the line, the power factors being as indicated in 
Fig. 96, and both lagging? 


Prob. 44-5. The transformer T in Fig. 85 has an impedance of 
26 ohms, the lamp 40 ohms, R = 36 ohms, and X = 20ohms. The 
power factor of the transformer is 92 per cent, of R, unity, and of X, 
25 per cent. 

(a) What is the voltage across L? 

(6) What is the voltage across T? 

(c) What is the voltage across R? 

(d) What is the voltage across X? 


Prob. 45-5. What is the total voltage across the series combi- 
nation of Prob. 44? 

Prob. 46-5. What apparent power is consumed by each of the 
appliances in Prob. 44? 

Prob. 47-5. What is the total effective power consumed by the 
series combination of Prob. 44? 

Prob. 48-5. What is the power factor of the series combination 
of Prob. 44-5? 

Prob. 49-5. Two inductive coils are connected in series; coil 
A has a power factor of 50 per cent, and coil B a power factor angle 
of 30° (lagging). With 6 amperes flowing in the series circuit, the 
voltage across coil A is 82 volts, and across coil B 64 volts. What 
are the impedances of the coils? 

Prob. 50-5. What is the power taken by each coil of Prob. 49? 

Prob. 51-5. What reactive power is taken by each coil in Prob. 
49? 

Prob. 52-5. What power is taken by the series circuit in Prob. 
49? 

Prob. 53-5. What is the voltage across the series circuit in 
Prob. 49? 

Prob. 54-5. At what line voltage will the power supplied to 
coil B in Prob. 49 equal 50 watts. 

Prob. 55-5. What power will coil A take in Prob. 54? 

Prob. 56-5. What current will flow in the series circuit of Prob. 
54? 
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Prob. 57-5. What voltage will there be across each coil in Prob. 
54? 


Prob. 58-5. If the two coils of Prob. 49 are connected in parallel 
across a 115-volt line, what power will each coil take? 


Prob. 59-5. What current will each coil take in Prob. 58? 
Prob. 60-5. What is the line current in Prob. 58? 


Prob. 61-5. What is the total reactive power taken by the two 
coils in Prob. 58? 


Prob. 62-5. At what line voltage will the parallel coils of Prob. 
58 take the same total power as the series circuit of Prob. 49? 


Prob. 63-5. What is the power factor of the parallel combination 
in Prob. 58? 


Prob. 64-5. A 10-ohm resistor is connected in series with the 
series coils of Prob. 49 and the combination is connected across a 
100-volt line. What power will be supplied to this circuit? 


Prob. 65-5. What current will flow in Prob. 64? 


Prob. 66-5. What power is supplied to each pet of the circuit 
of Prob. 64? 


Prob. 67-5. What is the power factor of the series combination 
of Prob. 64? 


Prob. 68-5. Two voltages are impressed upon a circuit, in series. 
One voltage is 170 volts and lags 42° behind the other, which equals 
214 volts. What is the voltage across the circuit? 


Prob. 69-5. Two alternating currents are flowing in parallel 
branches of a circuit. The first equals 65 amperes, the second 
equals 40 amperes and lags 38° behind the first. (a) What is the 
resultant of the two currents? 

(b) What is the phase relation between the resultant current and 
the first current? 


Prob. 70-5. If the voltage across the parallel circuits in Prob. 69 
is 115 volts and is in phase with the resultant current, find: 

(a) Power in branch carrying the 65 amperes current. 

(b) Power in branch carrying the 40 amperes current. 

(c) Total power in parallel circuit. 


Prob. 71-5. How many volts are necessary to force 30 amperes 
alternating current through 12 ohms resistance? 
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Prob. 72-5. (a) How many watts are consumed in the resistance 
of Prob. 71? 

(6) How much direct current would be necessary to cause the 
same heating effect as this alternating current, in the same circuit? 


Prob. 73-5. If a coil of 12 ohms inductive reactance and of neg- 
ligible resistance is used instead of the resistance of Prob. 71: 

(a) How many volts are necessary to force 30 amperes through it? 

(b) How many watts are consumed by the coil? 


Prob. 74-5. A generator is to deliver 60 amperes at 115 volts to 
supply power to incandescent lamps, which are non-inductive. If 
the line wires have 0.4 ohm resistance and 0.2 ohms reactance, what 
must the brush voltage of the generator be? 


Prob. 75-5. What is the voltage drop in the line impedance of 
Prob. 74-5? 


Prob. 76-5. A synchronous motor takes a leading current of 52 
amperes when the fields are over-excited. An induction motor takes 
a lagging current of 90 amperes. Power factor of synchronous 
motor is 0.85; of induction motor 0.75. If the two motors are 
operated in parallel on a 230-volt line, what current does the 
generator supply? 


Prob. 77-5. What is the power factor of the load on. the gener- 
ator in Prob. 76? 


Prob. 78-5. Prove, by aid of a vector diagram, that if each of a 
number of loads connected in parallel has the same power factor, 
the power factor of the total load in the mains has the same value, 
and the total current in the mains is the arithmetical sum of all the 
load currents. 


Prob. 79-5. Extend the proof of Prob. 78-5 for the voltages 
in series circuits. 


Prob. 80-5. An alternating-current generator which was de- 
livering 400 kv-a at 70 per cent power factor lagging to a load of in- 
duction motors, had its power factor raised (while still delivering 
400 ky-a) to 95 per cent by adding an over-excited synchronous 
motor to the line. Calculate: 

(a) Apparent power (volt-amperes) taken by the synchronous 
motor. 

(b) Power (watts) taken by synchronous motor, 

(c) Power factor of synchronous motor. 
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Prob. 81-5. An incandescent lamp in series with a choke coil 
carries alternating current. The voltage across the lamp is 115 
volts, across the coil 115 volts and across the two in series it is 180 
volts. 

(a) What is the power factor of the coil? 

(b) What is the power factor of the lamp and coil together? 


Prob. 82-5. If the lamp in Prob. 81 is consuming 60 watts, how 
many watts is the coil consuming? 


Prob. 83-5. An alternating-current generator supplies three 
feeders, one of which takes 100 kw at 0.80 power factor, another 250 
kw at 0.70 power factor and the third 175 kw at 0.95 power factor, 


all lagging. What load, in kw and in kv-a, is the generator de- .. 


livering, and at what power factor? 


Prob. 84-5. By what percentage would the current in the gener- 
ator of Prob. 83 be reduced if the circuit breaker on the first feeder 
were opened, the voltage of the generator being maintained con- 
stant meanwhile by an automatic voltage regulator? 


Prob. 85-5. A soldering iron built for 110 volts and 2.4 amperes 
is to be used on a 220-volt circuit of the same frequency. What 
must be the impedance of a choke coil to be connected in series with 
the soldering iron so as to prevent the current exceeding 2.4 amperes, 
if the winding of the soldering iron is non-inductive and the choke 
coil has a power factor of 0.35? 


Prob. 86-5. What per cent of the total power supplied in Prob. 
85 is lost in the choke coil? 


Prob. 87-5. What is the power factor of the series circuit in 
Prob. 85? 


Prob. 88-5. What is the maximum voltage across a 230-volt 
alternating-current line? 


Prob. 89-5. If the maximum voltage across a line is 1620 volts, 
what is the effective voltage? 


Prob. 90-5. What is the maximum voltage on a 2300-volt 
alternating-current line? 


Prob. 91-5. A man gets across a 25-cycle 115-volt alternating- 
current line. What maximum voltage is he subjected to and how 
many times a second is he subjected to this maximum value? 


CHAPTER VI 


RELATION BETWEEN IMPEDANCE, RESISTANCE 
AND REACTANCE 


_ImpEeDANCE diagrams may be drawn to show the relation 
between impedance, resistance and reactance, just as voltage 
diagrams are drawn to show the relation of the indicated 
voltage to its active and reactive components. Such dia- 
grams are often very convenient. 

52. Impedance Diagrams. Vector AC, Fig. 109a, repre- 
sents the indicated voltage across an appliance. Vector AB 
represents the active component of voltage, and BC, the 
reactive component of voltage, where the power factor is 
80 per cent lagging, corresponding to a lag of 37°. If we 
assume the current through the appliance to be 10 amperes, 
then, 


indicated voltage 


The impedance = 
current 


— 59 
= 50 
= 5 ohms. 


active voltage component 
current 


The resistance 


reactive voltage component 
current 


The reactance = 


| 
OO rico 
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Note that just as 
Indicated voltage 
= V (active component)? + (reactive component)? 


a= V 4()? + 30" 


= 50 volts, 
so, also, 
Impedance = V resistance? + reactance? 
= VETER 
= 5 ohms 
Cc Cc 


Oo 
= 
8 2 
3s > 
3 oe E 
- 6 3 
z oO 
°o 
5 
8 

A 40 Volts, Active B A 4 Ohms B 


Fic. 109a and Fra. 109b. Impedance, resistance, reactance bear to 
each other exactly the same numerical relations as the corresponding 
sides of the voltage triangle ABC. If each side of the impedance 
triangle be multiplied by the number of amperes, we have the voltage 
triangle. 


Thus, the 5 ohms impedance may be represented by the 
hypothenuse of a right triangle, the resistance (4 ohms) and 
the reactance (3 ohms) being represented by the other two 
sides, as in Fig. 109b. This diagram is merely the voltage 
diagram of Fig. 109a, drawn to a different scale. Each side of 
Fig. 109b represents the corresponding side of Fig. 109a 
divided by the number of amperes, 10. 

Note also that just as the angle between the lines repre- 
senting the power component of voltage and the indicated 
voltage is 37°, so the angle between the lines representing the 
resistance and the impedance is also 37°, 
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Similarly, just as the 


Active component of voltage 
Indicated voltage 


Power factor = 


Ad 
50 


= 80 per cent, 


so the 
Power factor = Resistance’ 
Impedance 
=4 
= 80 per cent. 
And as 


_ Reactive component of voltage 
Indicated voltage 


Reactive factor 


| 


=i 
= 60 per cent, 
so the 
Reactance 
Impedance 
= 60 per cent. 


Reactive factor = 


Therefore, if the impedance and the resistance of a piece, 
or the impedance and the reactance are known, the power 
factor may be found directly by dividing the resistance by the 
impedance; or the reactive factor may be found by dividing 
the reactance by the impedance and the corresponding power 
factor determined by reference to Table I, or by other means 
already explained. 

From the above, it can be seen that the same relations exist 
between impedance, resistance and reactance as between 
indicated voltage, active component of voltage and reactive 
component of voltage. Thus, 


Active component of voltage 
= indicated voltage < power factor 


and Resistance = Impedance X power factor. 


158 ESSENTIALS OF ALTERNATING CURRENTS 


Reactive component of voltage 


= indicated voltage X reactive factor 


and Reactance = Impedance X reactive factor. 


Construct impedance diagrams for the following, and solve: 


Prob. 1-6. The resistance of a transmission line, including re- 
turn wire, is 1.2 ohms. The impedance is 12.9 ohms. What is the 
power factor of the line alone? 


Prob. 2-6. What is the reactance of the line in Prob. 1? 


Prob. 3-6. How much voltage is required to force 8 amperes 
through the line of Prob. 1? 


Prob. 4-6. What power is lost in the line of Prob. 3? 


Prob. 5=6. The 60-cycle impedance of a certain device is 23 ohms, 
and the power factor 82 per cent. What is the resistance of the 
appliance? 


Prob. 6-6. What is the reactance of the device of Prob. 5? 


Prob. 7-6. How much does the current lag behind the voltage 
in a reactive dimmer, the resistance of which is 2 ohms and the im- 
pedance 15 ohms? 


Prob. 8-6. Find the power factor and the reactive factor of the 
dimmer in Prob. 7. 


Prob. 9-6. How much power will the dimmer of Prob. 7 con- 
sume when the voltage across it is 115 volts? 


53. Impedance of Series Combinations. Finding the 
impedance of a series combination is quite similar to finding 
the voltage across a series combination. The impedance of 
each appliance is resolved into its resistance and reactance 
components by multiplying the impedance of the appliance 
by its power factor and its reactive factor, respectively. The 
sum of the resistance components is found and the sum of the 
reactance components. If these sums are now made the two 
legs of a right triangle the hypothenuse will represent the 
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impedance of the combination; or, 


Impedance of series combination = 


V (sum of resist. components)? + (sum of react. components )?. 
Notice also that 


Power factor of series combination = 


sum of resistance components 
impedance of series combination 


C Example 1. A certain appliance No. 1, 
having 12 ohms impedance and 4 ohms re- 
sistance, is connected in series with an ap- 
pliance No. 2 of 10 ohms impedance with 90 
per cent power factor. What is the imped- 
ance of the series combination? 


2 
2, 
(2) 

z 


11.4 Ohms 


oF 
ae)3 
49 


1 440hms 


A 4 Ohms B E Spat 


Fra. 110 and Fia. 111. Impedance triangles for the two loads shown 
connected in parallel in Fig. 113. 


Solution. The power factor of the first appliance equals 74; = 33 
per cent. 

From Table I the angle of 71° corresponds to a power factor of 33 
per cent and a reactive factor of 95 per cent. 

Construct Fig. 110, letting AC represent the impedance of 12 ohms 
and AB the resistance of 4 ohms. The angle of lag or the angle be- 
tween AB and AC is 71°, corresponding to the power factor 74 or 
33 per cent. The line BC now represents the reactance and equals 
0.95 X 12, or 11.4 ohms. 

The resistance of the second appliance equals 0.90 X 10, or 9 
ohms. By Table I the reactive factor for a power factor of 90 per 
cent is 44 per cent and the corresponding angle of lag is 26°. 

The reactance equals 0.44 X 10 = 4.4 ohms. 

Construct Fig. 111, in which HG represents the impedance of 10 
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ohms, EF the resistance of 9 ohms and FG the reactance of 4.4 ohms. 
The angle between EF and EG is the angle of lag, 26°. 
Now construct Fig. 112 making 


C AF = AB+ EF 
=4+9 
13 ohms, 


and 


FC = FG + BC 
4.4 + 11.4 


= 15.8 ohms. 


ll 


11.4 Ohms 


AF represents the resistance 
of the series combination and 


g FC the reactance of the series 
2 combination. 
< AC represents the imped- 
eee ae = ance of the series combination. 
Fig. 112. For a series combination AC =V AF? 4+ FC? 
of the loads represented sepa- Va as ina 
rately in Fig. 110 and 111, total = V 18? + 15.8 


resistance equals arithmetical sum 
of resistances and total reactance 


20.5 ohms. 


equals arithmetical sum of react- Power factor of series com- 
ances (if both are inductive). bination 
AF 13 
= = —— = 0.634 
ACG 20:5 


= 63.4 per cent. 


Prob. 10-6. What will be the impedance of a series combination 
of the dimmer of Prob. 7 and a bank of lamps having 13 ohms 
resistance? 


Prob. 11-6. What is the power factor of the combination in 
Prob. 10? 


Prob. 12-6. The power factor of appliance A is 80 per cent and 
the reactance is 25 ohms. The resistance of appliance B is 24 ohms 
and the impedance is 40 ohms. What is the impedance of a series 
combination of A and B? 


Prob. 13-6. What is the power factor of the combination of 
Prob. 12? 
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Prob. 14-6. How much voltage is required to force 3.2 amperes 
through the combination of Prob. 12? 


Prob. 15-6. What is the value of reactive power in Prob. 14? 


Prob. 16-6. An impedance of 150 ohms at 88 per cent lagging 
power factor is Joied in series with an impedance of 90 ohms at 
60 per cent lagging power factor. What is the impedance and 
power factor of the series combination? 


.54. Impedance of Parallel Combinations. The imped- 
ance of a parallel combination is found as follows: 

(a) Find the current through each path of the combina- 
tion. (If no voltage is given, assume any convenient volt- 
age. ) 

(b) Compute the current through the combination by the 
method explained in Paragraph 44. 

(ce) Divide the voltage across the combination by the 
current through the combination. 

Example 2. What would be the impedance of a parallel combina- 
tion of the appliances in Example 1? 

Solution. Assume for convenience a voltage of 60 volts across 
the parallel combination as in Fig. 113. 

(a) Current through I = ET 
- 4 

= 5 amperes. 
Voltage across IT 
Impedance of II 


Current through II 


=. 
ue Fig. 113. 
= 6 amperes. 


(b) Resolve the current of 5 amperes through I into its active and 
reactive components as in Fig. 114. Power factor = 333 per cent, 
reactive factor = 0.944. 

Power component AB = AC X power factor 
= 5 X 33% per cent 
= 1,67 amp. 


162 ESSENTIALS OF ALTERNATING CURRENTS 


Reactive component BC = AC X reactive factor 
= § X 0.944 


= 4.72 amp. 


Resolve current of 6 amperes through II into its active and re- 
active components as in Fig. 115. Power factor = 90 per cent, re- 


active factor = 0.488. 


1.67 amp. 
> B 


g De 5.4 amp. E 
| 
Ci 
N 

Le - 

aa = 

G Ss 

22, 8 

g a 

F 


C 


Fig. 114 and Fic. 115. For each of the parallel loads of Fig. 113, caleu- 
late the current and by means of power factor resolve into its active 
and reactive components, in phase with and at 90° to the line voltage 


respectively. 
Power component DE = DF X power factor 
= 6 X 0.90 
= 5.4 amperes 
DF X reactive factor 
= 6 X 0.438 
= 2.63 amperes. 


Reactive component HF 


Combine the power components AB and DE into AEF as in Fig. 


116. 


Active current through combination = AH = AB + DE 


1.67 + 5.4 
7.07 amperes, 


Il 


ll 
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Reactive current through combination = EG = BC + EF 
= 4.72 + 2.63 
= 7.35 amperes. 


Current through combination AG = V AE? + EG? 
= V7.072 + 7.352 


10.2 amperes. 


E 


4,72 


2.63 


G 


Fie. 116. Line current of Fig. 113 is vector sum of active components 
of individual load currents added at 90° to the sum of reactive com- 
ponents of individual load currents. Total impedance equals line 
voltage divided by line current. 


voltage across combination 
current through combination 


(c) Impedance of combination = 


= 5.88 ohms. 


ie: AE 7.07 
Power factor of combination = WG 100 0.693 = 69.3 per cent. 
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Note that the value finally obtained for the impedance of this 
combination, namely 5.88 ohms, would have been exactly the same 
if we had selected any other pressure than 60 volts to impress upon 
the combination of parallel circuits. Thus, doubling the voltage 
would double all values of current, but would not change the value 
of impedance which is the ratio existing between voltage and current. 
The power factor also would not be affected by change of assumed 
voltage, being a ratio between quantities which change always in 
the same proportion. The amount of power in the circuit would, 
however, vary greatly with the voltage impressed; doubled voltage 
would produce doubled current, and doubled amperes with doubled 
volts would mean that the volt-amperes, watts, and vars would be in- 


creased to four times their respective former values, or in proportion 


to the square of the voltage. 


Prob. 17-6. What is the power (watts) consumed by the com- 
bination in Example 2 at 230 volts? 


Prob. 18-6. If the appliances of Prob. 12 are joined in parallel, 
what will be the impedance of the combination? 


Prob. 19-6. What would be the impedance and power factor of 
a parallel arrangement of the impedances of Prob. 16? 


Prob. 20-6. How much power would be consumed by the com- 
bination of Prob. 19 if it was on a 115-volt line? 


55. Condensive Reactance. The impedance of series 
and parallel circuits containing condensers * is found by the 
methods described in Paragraphs 53 and 54. However, we 
must remember that the current in a condenser leads the 
voltage instead of lagging. 

In many static condensers, the insulation isso good that 
practically no power is lost, and the condenser operates at 
zero power factor. If we have a condenser drawing 5 am- 
peres from a 230-volt line at zero power factor, we see from 
the diagram, Fig. 117, that the voltage is all reactive voltage, 


-* The term “ condenser” used alone usually means a “ static” con- 
denser of the type described in Paragraph 41. Machines which oper- 


ate as condensers are called “synchronous” or “ rotary” condensers, 
or synchronous motors. 
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since it is 90° out of phase with the current. Hence, when 
operating at zero power factor, 


Impedance = Condensive reactance 


_ Reactive voltage 
Current 


= 239 = 46 ohms. 


The condenser in this case would take 230 X 5, or 1150 
vars, or 1.15 kvars. Commercial power condensers will 
be found to be rated both in kilovars and kilovolt-amperes; 
in either case, the condenser is assumed to operate at practi- 
cally zero power factor. 


leaky insulation due to faulty materials, 
mechanical damage, moisture, etc., and 
on test will be found to conduct an ap- 
preciable current when a d-c voltage is 
applied. The condenser then behaves 90° 

as it would if a resistance were connect- 230 volts, 
ed in parallel with it. When the voltage, 

: Iitek, Malye 
current, and power relations are com- 
puted for such “ none ” condensers, it eee oa nane: 
is more convenient, however, to assume fe ender ike: volt: 
that the faulty condenser is represented ° 

: j : age by 90°. 
by a perfect condenser in series with a 
small resistance instead of by a perfect condenser in parallel with a 
large resistance. 
Suppose, for example, we have a condenser which draws | ampere 
from a 230-volt line, and takes an effective power of 15 watts. Then, 


Occasionally, condensers will develop x 


5 amperes 


The current 
in a condenser oper- 


Effective power 


Power factor = 
Apparent power 


6.5 per cent. 


Impedance = 232 = 230 ohms. 
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And since, 

Resistance 
=a ae 
Impedance 


Resistance = 0.0652 X 230 = 15 ohms. 


Power factor = 


Reactance (condensive) = V Impedance? — Resistance? 
= V 230? — 15? 
= 229.6 ohms. 


The resistance of 15 ohms found above is the equivalent. series 
resistance of the leaky condenser. We can readily see that it is a~- 
series resistance because the total current of 1 ampere must flow 
through it in order to consume the effective power of 15 watts. 

The angle which corresponds to a power factor of 0.0652 is 86.3°. 
If this were a perfect condenser, the power-factor angle would be 
90°. The difference, or 3.7°, is called the ‘“‘ phase defect angle ”’ of the 
condenser. - There is, of course, no such thing as a perfect insula- 
tor, and all condensers therefore have a phase defect angle. In 
practice, however, this angle is so small that it can usually be 
neglected. 


56. Capacitance of a Condenser. In most of the work 
done with condensers, it is more important to know the 
capacitance (or the capacity) of a condenser than the amount 
of reactive power it takes. The capacitance, or capacity of a 
condenser, is the quantity of electricity which the condenser 
will hold per volt (d-c) applied. The unit of quantity is the 
coulomb, which is the amount of electricity represented by a 
steady current of 1 ampere flowing for 1 second. The unit of 
capacitance is the farad; a condenser which will store 
1 coulomb when 1 volt is applied across its terminals 
has a capacity of 1 farad. If the voltage across the con- 
denser is doubled, the amount of electricity stored is 
doubled; the capacitance is simply the amount of electricity 
per volt. 

In actual practice, we rarely deal with condensers as large 
as 1 farad, because a condenser of this capacitance would be 
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extremely large in size.* The practical unit of capacitance 
is the microfarad, abbreviated uf, which is one millionth of a 
farad. In much of modern radio practice, even this unit is 
too large, and very small condensers are measured in micro- 
microfarads (uf), or a millionth of a millionth of a farad.t 

57. Effect of Change of Frequency on Impedance. We 
have seen that impedances are formed by combinations of re- 
sistance, inductive reactance, and condensive reactance. 
All three of these factors will change in magnitude when the 
frequency of the supply voltage changes. 

(a) Resistance. At the frequencies commonly used in 
power systems, the resistance of lines, transformers and other 
devices is practically constant except for changes due to 
temperature variation. In general, however, the resistance 
of wires and windings does increase if the frequency is in- 
creased. Thus a No. 0000 copper conductor carrying a 60- 
cycle current has an effective resistance equal to about 1.005 
times its d-c resistance. This change is so small that usually 
it is neglected, but in high-frequency circuits such as are en- 
countered telephone and radio work, the a-c' resistance 
may be much greater than the d-c resistance, and the increase 
must be taken into account. 


This change of resistance with frequency is due to the so-called 
“ skin effect.” A conductor carrying an alternating current sets up 
a weak magnetic field inside the conductor as well as outside. The 
lines of force cutting the conductor itself cause reactive voltages to 
be induced within the conductor, but this induced voltage is slightly 


*To get some idea of the physical size of such a unit, a certain 
paper condenser rated at 1 microfarad, 600 volts, has a volume of 4.5 
cubic inches. A condenser of this type with a capacitance of 1 farad 
would fill a room approximately 20 feet long, 10 feet wide, and 10 feet 
high. 

+ For example, in circuits containing vacuum tubes, the condenser 
effect between the elements of the tube is often very important. Ina 
type 76 tube, there is a capacitance of about 3 yf between the grid 
and the plate. 
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greater at the center than at the outer surface of the conductor. 
This causes the current to be somewhat more concentrated near the 
outside of the conductor (hence the name “ skin effect”) and the 
resistance drop is therefore greater than it would be if the current 
distribution were uniform. 


(b) Inductive reactance. The inductive reactance of a de- 
vice changes in direct ratio with the frequency. Thus an 
appliance which has an inductive reactance of 10 ohms on a 
60-cycle circuit will have only 5 ohms reactance if put on a 
30-cycle circuit. 


An explanation of how a change in frequency changes the induc- 
tive reactance can be given as follows. The inductive reactance of a 
circuit is due to the lines of the magnetic field cutting and recutting 
the conductors of the circuit as the current changesin value. This 
cutting, it will be remembered, sets up a back voltage which limits 
the current. Ifthe frequency is lowered, then the current changes 
at a slower rate and both the cutting and the induced back voltage is 
smaller in value. Thus the reactance is less, and more current can 
flow than at a higher frequency. If the frequency-is raised, the 
current changes faster, the magnetic lines cut the circuit a corre- 
spondingly greater number of times each second and the back volt- 
age is increased in proportion. Thus the reactance of the circuit 
becomes greater and the current less. 


(c) Condensive reactance. The reactance of a condenser 
changes in inverse ratio with the frequency, decreasing as the 
frequency increases. Thus a condenser which has a react- 
ance of 1000 ohms at 60 cycles has a reactance of ‘2000 ohms 
at 30 cycles. The current through a condenser depends not 
only on the amount of charge which it will hold but also on 
the rate at which the condenser is charged and discharged. 
As this rate increases due to an increase of frequency the 
current through the condenser increases, and the reactance 
therefore decreases. 

The reactance of a condenser also changes in inverse ratio 
with the capacitance; a condenser of 10 microfarads capaci- 
tance has half the reactance of a 5-microfarad condenser. 
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The relation between reactance, frequency, and capacitance 
of a condenser can be written as a formula, namely 


159,200 


Condensive reactance = , ) 
Frequency < Capacitance 


where reactance is in ohms, frequency is in cycles per second, 
and capacitance is in microfarads. Thus, at 60 cycles, a 
condenser of 10 microfarads capacitance has a reactance of 
159,200 

60 < 10 ~ 265.3 ohms. 

The most common frequencies are 60 and 25 cycles. The 
inductive reactance of an appliance on a 25-cycle circuit is 
only #3 or ;°5 of what it is on a 60-cycle circuit. However, at 
25 cycles, the reactance of a condenser is 1 of the reactance 
at 60 cycles. 


Example 3. A dimmer has an impedance of 18 ohms at 40 per 
cent power factor on a 60-cycle circuit. What will be the imped- 
ance and power factor of the dimmer on a 25-cycle circuit? 

Solution. On a 60-cycle circuit: 

Reactive factor for 40 per cent power factor = 0.916. 
Resistance = Impedance X power factor 

18 X 0.40 = 7.2 ohms. 

Reactance = Impedance X reactive factor 

= 18 X 0.916 

16.5 ohms. 


On a 25-cycle circuit, the resistance will be the same or 7.2 ohms. 


Reactance = 16.5 X 22 
= 6.87 ohms. 


Impedance = V Resistance” + Reactance” 
= V7.2? + 6.87? 
= 9.96 ohms. 


| 


Power factor = a = 0.723 = 72.3 per cent. 
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Thus the impedance is reduced from 18 ohms on a 60-cycle circuit 
to about 10 ohms on a 25-cycle circuit, and the power factor is 
increased from 40 per cent to about 72 per cent. 


Prob. 21-6. A coil has an impedance of 35 ohms at 70 per cent 
power factor on a-25-cycle circuit. What impedance will the coil 
have on a 60-cycle circuit? 


Prob. 22-6. A dimmer connected directly across a 115-volt 60- 
cycle line takes 650 volt-amperes at 45 per cent power factor. What 
current will it take on a 25-cycle line at the same voltage? 


Prob. 23-6. What will be the power and power factor of the 
dimmer in Prob. 22 on the 25-cycle line? 


Prob. 24-6. How much current will an induction coil take from 
a 40-cycle line, if it takes 0.40 ampere at 60 per cent power factor on 
a 60-cycle line at the same voltage? 


Prob. 25-6. A 4-uf condenser is connected in series with a 
50-ohm resistance across a 1000-cycle supply. What is the line 
voltage if this Combination draws 0.040 ampere? 


Prob. 26-6. What is the power factor of the circuit in Prob. 25? 


Prob. 27-6. At what frequency will the power factor of the 
circuit in Prob. 25 be 80 per cent? What will be the impedance at 
that frequency? 

58. Resonance. Tuned Circuits. Suppose we connect 
a coil with an impedance (at 60 cycles) of 2000 ohms, 0.2 
power factor lagging, in series with a l-uf condenser. We 
can find the impedance of this combination by the method 
given in Paragraph 53, noting however that inductive react- 
ance and condensive reactance are of opposite sign and must 
hence be subtracted in order to get the total reactance. 

For the coil, 


Resistance 


I 


Impedance X Power factor, 
2000 X 0.2, 

= 400 ohms. 
Reactance = V Impedance? — Resistance?, 
20002 — 4002, 
1960 ohms. 


I 


IMPEDANCE, RESISTANCE AND REACTANCE 171 


For the condenser, the resistance is zero, hence: 


Reactance = eee 
Frequency X Capacitance 
HL eireycles this has the value ae = 2653 chime. 


The total resistance of the series circuit is 400 ohms. 
Since the reactances are of opposite sign, the total reactance 
is 1960 — 2653 = —693o0hms. Hence for the B 
series circuit, we have 


Impedance = V 400? + (—693)? 
= 800 ohms. 


1960 ohms 


Note that the impedance of the series cir- 
cuit is less than the impedance of either part. 
Fig. 118 shows the vector diagram for this © 
circuit. The line OA represents the coil 
resistance of 400 ohms, AB the inductive re- 
actance of 1960 ohms, and OB the coil imped- 
ance of 2000 ohms. To the same scale, OD 
represents the condenser reactance of 2653 
ohms which must be combined vectorially 
with OB. Hence DC is laid off equal to OB 
and parallel to it. The sum of the imped- 
ances is then OD plus OB which is the line 
OC, and the latter has the computed value D 
of 800 ohms, made up of the resistance OA SOaenes 
of 400 ohms and the total reactance AC of  ,) itera 
— 693 ohms. for an induc- 

Now let us change the frequency, remem- __ tive imped- 
bering that as the frequency increases, ance in series 
the inductive reactance increases and the With @ con- 
condensive reactance decreases in direct eeprer: 
ratio. We will try to find a frequency at which the induc- 
tive reactance equals the condensive reactance. 


© —693 ohms > 


— 2653 ohms 
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As the frequency changes, 


Unknown frequenc 
Inductive reactance = 1960 X 60 Sern) y, 


and 
60 (cycles) 


Condensive reactance = 2653 X Unknown tren cones : 


When the inductive reactance is equal to the condensive 
reactance, 


1960 X Se = 2653 Unknown frequen’ 
and (Unknown frequency)? = 2$33 x 60 X 60 
= 69.9 cycles. 
At a frequency of 69.9 cycles per second, the inductive re- 
actance is 1960 X oo , or 2280 ohms, and the condensive re- 
actance is 2653 X saa’ or —2280. These reactances in a 


series circuit operating at 69.9 cycles combine to produce zero 
reactance and the circuit acts as though it consisted only of 
the resistance of 400 ohms. Hence, at this frequency, the 
circuit operates at unity power factor and we say that we have 
adjusted the circuit to resonance. 

Fig. 119 shows the impedance diagram for the resonant 
circuit. The coil impedance OB is composed of the resistance 
OA and the inductive reactance AB. The condensive react- 
ance is given by the line OD equal in magnitude to AB but 
drawn in the opposite direction. When we add OB and OD 
we find that the sum OC lies exactly on the resistance OA. 
In a series resonant circuit, therefore, the current which 
flows will be exactly in phase with the total voltage. How- 
ever, the voltage across each part of the circuit will be out of 
phase with the current by the angle between the impedance 
and the resistance of the part 

Suppose we apply 400 volts at 69.9 cycles to the above 
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series circuit. The current is 42° or 1 ampere. The im- 
pedance of the coil is 2315 ohms and the voltage across the 
coil is 2315 X 1, or 2315 volts, and the voltage across the 
condensive reactance of 2280 ohms is 2280 x 1, or 2280 
volts. Hence we have the remarkable result that the voltage 
across separate parts of the series resonant 
circuit is over five times as great as the ap- 
plied voltage. This apparent contradiction 
is explained if we remember that’both the 
applied voltage and current are parallel with 
OA in Fig. 119, while the voltages across the 
coil and condenser are parallel with OB and 
OD, respectively. The two large voltages 
when added vectorially produce the relatively 
small terminal voltage. 

In the above example, we found the fre- 
quency for which the series circuit was 
resonant; that is, the frequency at which 
the power factor became unity. Instead of 
changing the frequency, we could have pro- 
duced resonance by changing one or both of 
the reactances. By this means we can pro- fyg. 119. Vee- 
duce resonance at any frequency. tor diagram 

The same situation is true for parallel of series cir- 
combinations of inductive and condensive Cult at reso- 
5 ; * nance. 
impedances, and resonance is produced in 
this case also by adjusting the reactances until the 
power factor is unity. Any series or parallel circuit adjusted 
to resonance at any frequency is said to be tuned to that 
frequency. In all modern radio receivers, tuned circuits of 
adjustable resonant frequencies are provided to permit the 
selection of various stations. These are commonly parallel 
circuits tuned by variable condensers. In addition, super- 
heterodyne receivers also contain resonant circuits of fixed 
resonant frequency in the intermediate-frequency amplifier. 


2280 ohms 


—2280 ohms 
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The transformer of Fig. 46 is part of such a circuit and the 
“trimmer ” condensers for tuning can be observed at the top 
of the case. 

The total impedance of a series circuit containing inductive 
and condensive reactance is a minimum at resonance, while 
the impedance of a similar parallel circuit is a maximum at 
resonance. In either case, the power factor of the combina- 
tion is unity at resonance. 


Prob. 28-6. What capacity is required for the condenser in 
series with the coil in Paragraph 58 in order to produce resonance 
at 60 cycles? 


Prob. 29-6. The coil described in Paragraph 58 is connected in 
series with a condenser of 0.06 uf capacity. What is the resonant 
frequency.of this circuit? 


Prob. 30-6. What would be the impedance of the series circuit 
of Prob. 25 at 60 cycles. 


SUMMARY OF CHAPTER VI 


If RESISTANCE (ohms) be represented by one side of a right 
triangle and REACTANCE (ohms) by the other side, then the 
hypothenuse of the triangle represents to the same scale the 
IMPEDANCE. It follows that: 


Impedance = V Resistance* + Reactance?. 
Resist 
Power factor = = 
Impedance 
Reactive factor = Reactance | 
Impedance 


Resistance = Impedance X power factor. 
Reactance = Impedance  X reactive factor 


= Impedance X V1 — (power factor )2. 
The angle between the resistance and impedance legs of the 


tight triangle is the angle representing the amount (of time) by 
which the current in the circuit lags or leads with respect to the 
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alternating voltage — LAG if the circuit has INDUCTIVE RE- 
ACTANCE, and LEAD if the circuit has CONDENSIVE REACTANCE. 


To find the TOTAL IMPEDANCE and TOTAL POWER FACTOR 
of a number of parts arranged in SERIES, proceed as follows: 

First, find the resistance and reactance of each part from the 
known impedance and power factor or from quantities which 
determine them (as volts, amperes, watts). 

Second, add the resistances of the parts in series to obtain 
total resistance of the combination, and add reactances of parts 
in series to obtain total reactance. Inductive reactance and 
condensive reactance are of opposite sign. Then, 


Total impedance of a series circuit 


= V (total resistance)? + (algebraic sum of reactances)?. 
sum of resistances 


Power factor of a series circuit = - 
total impedance 


The power factor of a series circuit may be adjusted to unity 
or to any desired value, by using some condensive reactance to 
compensate excessive inductive reactance if necessary, or vice 
versa. Condensive reactance is opposite in sign to inductive 
reactance, and must be subtracted to find the algebraic sum. 
It is convenient to call inductive reactance positive, and con- 
densive reactance negative. 


To find the TOTAL IMPEDANCE and TOTAL POWER FACTOR 
of a number of parts arranged in PARALLEL, proceed as follows: 

First, assume that some particular voltage is impressed on all 
the parallel parts; usually this is taken as 1 volt, but the results 
will be the same if any value is chosen. From its impedance 
find how many amperes each part will be forced by this voltage 
to carry. 

Second, find total current for all parts in parallel, by method 
explained in Chapter V. Thus, 


Total current in parallel combination = 


V (sum of power components)? + (sum of reactive components)”. 


Then, 
Impedance of parallel combination 
voltage applied , 
~ total current in combination 
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Power factor of parallel combination 
_ sum of power components 
~ total current in combination 


Power factor of a parallel combination may be adjusted to any 
desired value in same way as for series combination. In order 
to secure the effect of large condensers in power systems, it is 
customary to use over-excited synchronous motors or synchro- 
nous condensers to draw sufficient leading current. 

The total impedance and total power factor of any circuit may 
be calculated from the known properties of the individual parts 
by considering it as a series of groups, some of which consist of 
parts in parallel, or by considering it as a number of groups in 
parallel, some of which consist of parts in series. By careful 
application of the laws already stated any such problem may be 
solved accurately. 

Change~ of FREQUENCY changes the INDUCTIVE REACT- 
ANCE in DIRECT PROPORTION, but changes the CONDENSIVE 
REACTANCE in INVERSE PROPORTION. Resistance increases 
as frequency increases, due to skin effect, but in power work 
this change is usually neglected. 


PROBLEMS ON CHAPTER VI 


Prob. 31-6. An inductive appliance has a 60-cycle impedance 
of 125 ohms and a resistance of 75 ohms. How muchis the reactance 
at this frequency? 


Prob. 32-6. What is the 25-cycle impedance of the appliance in 
Prob. 31? 


Prob. 33-6. What current will the appliance in Prob. 31 take 
from a 230-volt 40-cycle circuit? 


Prob. 34-6. What will be the power factor of the appliance in 
Prob. 22 if it is placed on a 133-cycle circuit? 


Prob. 35-6. What is the 60-cycle impedance of an appliance, the 
resistance and the inductive reactance of which are 12.8 ohms and 
4.6 ohms respectively? 


ae 36-6. What is the power factor of the appliance in Prob. 
35? 


Prob. 37-6. What is the 25-cycle impedance of the appliance in 
Prob. 35? at 
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Prob. 38-6. If the appliances of Prob. 31 and 35 are placed in 
series on a 115-volt 60-cycle circuit how much current will flow 
through the combination? 


Prob. 39-6. What will be the power factor of the combination 
of Prob. 38? 


Prob. 40-6. If the appliances of Prob. 31 and 35 are placed in 
parallel what will be the impedance of the combination? 


_ Prob. 41-6. What will be the power factor of the combination 
in Prob. 40? 


Prob. 42-6. What maximum current will 115 volts at 25 cycles 
force through a series combination of two appliances, one having a 
60-cycle impedance of 40 ohms at 50 per cent power factor lagging, 
the other a 60-cycle impedance of 50 ohms at 30 per cent power 
factor leading? 


Prob. 43-6. How much power will each of the appliances take 
in Prob. 42? 


Prob. 44-6. How much more power will a coil consume on a 40- 
eycle 115-volt circuit than it consumes on a 60-cycle 115-volt circuit 
if it has an impedance of 25 ohms at 85 per cent power factor at the 
latter frequency? 


Prob. 45-6. The impedance of a parallel combination of two 
appliances is 16.4 ohms with a lagging power factor of 85 per cent. 
One of the appliances has an impedance of 35 ohms with a lagging 
power factor of 62 per cent. What are the impedance and the 
power factor of the other appliance? 


Prob. 46-6. Tests on a single-conductor steel-taped cable 
showed that 1000 feet of No. 6 copper wire so protected gave a 
voltage drop of 6.7 volts of which 3 volts were due to resistance. 
The resistance of No. 6 copper wire of ordinary grade at ordinary 
temperatures is about 0.395 ohm per 1000 feet. Calculate the 
reactance of this cable, in ohms per 1000 feet, for the frequency at 
which this test was made. 


Prob. 47-6. A cable similar to that specified in Prob. 46 is used 
to connect into a single series circuit 80 series incandescent street 
lamps, each lamp being rated (and operated) 6.6 amperes, 37.1 
volts. The average distance between these lamps is 250 feet. 
Calculate how many volts must be impressed upon the whole circuit 
in order to force 6.6 amperes through it. 
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Prob. 48-6. (a) How much power (kw) is delivered to all the 
lamps together in the series circuit of Prob. 47? 
(b) How much power (kw) is lost in the cable of Prob. 47? 


Prob. 49-6. What is the power factor of the entire series circuit 
of Prob. 47, the lamps being of course non-inductive? 


Prob. 50-6. A certain alternating-current transmission line is 
tested for impedance by short-circuiting it perfectly at the outer end, 
and applying a relatively low voltage at the station end. Under 
these conditions, the instruments on this line at the station indicate 
as follows: wattmeter 5.8 kw, voltmeter 120 volts, ammeter 75 
amperes. Station frequency is 60 cycles per second. Calculate 
the values of impedance, resistance and reactance for this line. 


Prob. 51-6. When 250 kw are being delivered at 2300 volts and 
0.80 lagging power factor at the outer end of the line of Prob. 50, 
how many volts are consumed in overcoming the impedance of the 
line itself?” 


Prob. 52-6. With the line of Prob. 50 loaded as in Prob. 51, how 
many volts must be impressed upon the station end of the line? 


Prob. 53-6. What per cent of the power (kw) delivered by the 
generator into the loaded line of Prob. 52, is consumed in over- 
coming the resistance of the line, or in heating the line? 


Prob. 54-6. The load at the end of the line in Prob. 52 consists 
of motors and lamps operating in parallel. The lamps take alto- 
gether 130 kw non-inductive. Calculate how many amperes are 
delivered to the motors, and at what power factor. 


Prob. 55-6. If the lamp load of Prob. 54 is suddenly removed 
from the line while the motors continue at the same current input, 
calculate: (a) What voltage at the station end of the line would 
now be required in order to keep the voltage at the motors un- 
changed at its former value of 2800 volts? (6) To what value 
will the voltage at the motors rise if the station voltage remains at 
the value calculated in Prob. 52? 


Prob. 56-6. (a) If to a load having a power factor of 0.60 a 
non-inductive load of 20 per cent of the original amount (kv-a) be 
added, what is the resultant power factor? 

(b) If to a load having a power factor of 0.90 a non-inductive load 
of 20 per cent of the original amount (ky-a) be added, what is the 
resultant power factor? 
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(c) What conclusions can you draw from a comparison of the re- 
sults of parts (a) and (6)? 

Prob. 57-6. What is the reactance of a }-microfarad condenser 
(a) at 60-cycles, (b) at 1000 cycles, (c) at 1500 kilocycles (a kilo- 
cycle is 1000 cycles)? 

Prob. 58-6. A 2-microfarad condenser is connected in series with 
a 200-ohm resistor. What is the impedance of the combination 
at 500 cycles? 

Prob. 59-6. What is the power factor of the series circuit of 
Prob. 58? 

Prob. 60-6. A resistor of 250 ohms is connected in parallel 
with the series circuit of Prob. 58. What is the impedance of the 
series-parallel combination? 

Prob. 61-6. What is the power factor of the circuit of Prob. 60? 

Prob. 62-6. A coil with a 60-cycle impedance of 35 ohms at 
0.72 power factor is connected in parallel with the series circuit of 
Prob. 58. What is the 60-cycle impedance of the series-parallel 
combination? 

Prob. 63-6. What is the power factor of the circuit of Prob. 62? 

Prob. 64-6. If the coil of Prob. 62 is connected in series with the 
resistance and condenser of Prob. 58, what is the impedance of the 
entire series circuit? What is the power factor? 

Prob. 65-6. At what frequency will the series circuit of Prob. 
64 be resonant? 

Prob. 66-6. An induction motor draws 6.35 amperes at 71 
per cent power factor from a 230-volt, 60-cycle line. What con- 
denser capacitance is required in parallel with the motor so that the 
line load will be at 90 per cent power factor, lagging? 


CHAPTER VII 
POLYPHASE CIRCUITS 


Tuus far we have considered single-phase alternating- 
current power only. Because of the several decided advan- 
tages which polyphase systems possess, they are in general use 
where large quantities of power are utilized. It is necessary, 
therefore, to make a special study of these systems. 


59. Distinction Between Single-phase and Polyphase ~ 


Systems. 

Single-phase. In a single-phase system power is obtained 
from a single set of armature or transformer windings or the 
equivalent. This system is much like a  direct-current 
system. The power may be distributed as in a direct-current 
system, by two or three wires. When three wires are used, 
the voltage between one outside wire and the neutral is in 
phase with the voltage between the other outside wire and 
the neutral, and also in phase with the voltage between the 
two outer wires. Thus the voltage between the two outside 
wires is equal to the arithmetical sum of the voltages between 
either outside wire and the neutral, as in a direct-current 
system. 

Polyphase. When the power is derived from more than 
one set of armature windings or the equivalent, the system 
is said to be polyphase. The polyphase systems in general 
use are the two-phase (sometimes called the quarter-phase) 
and the three-phase. 

(a) Two-phase. T'wo-phase power is derived from two 
sets of armature windings and is generally distributed by 
four wires, each phase taking two wires. Each phase is 
usually distinct from the other and the voltage between 
two wires of one phase always lags behind or leads the voltage 
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between the two wires of the other phase by 90°. This latter 
fact is the reason for sometimes calling the system “‘ quarter- 
phase,”’ 90° being a quarter of a cycle. Either phase may be 
regarded alone as a single phase, and the voltages of the two 
phases are normally equal. The two-phase installations 
using three wires are so few that this scheme will not be 
considered in this book. 

_(6) Three-phase. The power in a three-phase system is 
derived from three sets of armature windings or their equiva- 
lent, and is usually transmitted by three wires, though four- 


Fic. 120. Single-phase a-c system consisting of generator delivering 
power through transmission line and transformers to loads. Trans- 
former II serves three-wire single-phase low-tension mains, motor M 
being connected between outer wires and lamps between neutral (n) 
and either outer wire. 


wire systems are not uncommon. The voltage across any 
one phase always differs in phase from the voltage across 
either of the other two phases by 120°. The voltages across 
the three phases are equal. 

60. Single-Phase. Fig. 120 represents a typical single- 
phase system. The power is taken from the single armature 
winding and transmitted by the two line wires LZ; and Ip. 
We will assume the line pressure to be obtained directly from 
the generator at 2300 volts. In the diagram the armature 
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is represented as being the revolving element of the generator 
and the fields N and S as stationary. It is the usual practice 
to construct an alternator, especially in the larger sizes, with 
the armature stationary and the fields revolving. 

An illustration of such a generator of the three-phase type 
is seen in Fig. 137. Of course the electrical result is the same 
in either case, as it makes no difference whether the magnetic 
field moves and cuts the armature wires or whether the 
armature wires move and cut the magnetic lines of force. In 
either case the same voltage is induced in the armature coils. 

Returning to Fig. 120, it will be seen that the voltage of 
the line is stepped down by distributing transformers at 
points where power is to be used. ‘Thus transformer I steps 
down the line voltage from 2300 volts to 115 volts for a two- 
wire line, to be used with the lamps shown in the diagram. 
Transformer II steps down the voltage to 230 volts and 115 
volts to be used on the three-wire line, for the lamps and the 
single- phase motor M. 

The power, voltage and current diceribnneH in such a 
system has been discussed fully in the previous chapters. 

61. Polyphase Systems. 

Two-phase System. A typical two-phase system is repre- 
sented by Fig. 121. The generator now has two armature 
windings A,A2 and B,B, independent of each other, instead 
of the single armature winding of Fig. 120. These windings 
are so placed that the voltages across them are at 90° to each 
other, that is, when the voltage in one winding is at its 
greatest value, the voltage in the other is zero and vice versa. 
It will be seen from a study of Fig. 121 that coil A,A>, at the 
instant shown, is sweeping across the magnetic lines perpen- 
dicularly and cutting them at the fastest rate and the voltage 
of coil A,A> is, therefore, at its greatest value at this instant. 
Coil B,Bs, however, which of course is revolving at the same 
speed as A;A2, is moving along the magnetic lines and not 
cutting them. The voltage in coil B,B2 is, therefore, zero 
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at this instant. Thus the voltage of coil BB: is zero at the 
instant the voltage of coil A,A» has the greatest value. We 
have seen that when this condition is true, the voltages differ 
in phase with each other by 90°, or are 90° “ out of phase.” 
Accordingly the voltage across the line wires A, and A» con- 
nected to coil A,A>» is 90° out of phase with the voltage across 
the line wires B; and B: connected to coil B,Bs. The line 
wires A; and A» are generally called phase A of the line, 
while B,; and B, are called phase B of the line. 


Fig. 121. Two-phase a-c system consisting of generator with two 
armature-windings at 90° to each other, connected to two independent 
load circuits. Single-phase transformers or loads, as I or II, may be 
connected to either phase. III is a “bank” of two transformers 
feeding the phases of a two-phase motor M2. 


Each phase of the transmission line may now be considered 
and used as a single-phase line, with single-phase trans- 
formers like connected transformers I and II in Fig. 121. 
Single-phase transformer I is connected to phase B and steps 
down the voltage of that phase from 2300 to 115 volts for 
use with the lamps shown. Single-phase transformer II is 
connected to phase A and steps down the 2300 volts to 230 
volts for use with the single-phase motor M, and to 115 volts 
for use with the lamps, exactly as transformer II does in Fig. 
120. Thus the distributing system from transformer I is 
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a two-wire single-phase system, and from transformer IT is 
a three-wire single-phase system. 

Transformers I and II make no use of the two-phase char- 
acter of the transmission line. Transformer ‘ bank” III, 
however, utilizes both phases and produces a four-wire two- 
phase distributing system, cutting down the voltage of both 
phases to 115 volts and making two phases, each of 115 volts, 
available for the two-phase motor M, as well as for the 
lamps. This transformer may consist of two separate single- 
phase transformers or it may be a single two-phase trans-_ 
former. The result is the same, —a four-wire two-phase 
distributing system of 115 volts. This system has a decided 
advantage over a single-phase system in the operation of 
induction motors inasmuch as a two-phase induction motor 
is naturally self-starting, while a single-phase induction motor 
must be supplied with some special starting device. 

In using a two-phase system it is always highly desirable 
to so ‘‘ balance ” the loads that the same amount of current 
flows in each wire of the transmission line. The two wind- 
ings, called phase A and phase B, of a two-phase motor are 
so constructed that the phases receive equal voltages and 
amounts of current and power from the line. Thus it is 
necessary only to see that not many more lamps are used on 
one phase than on the other. Unbalancing a four-wire two- 
phase line causes the voltage of the two phases to be unequal, 
and results in lowering the capacity of the line and generator. 

Example 1. How much power must each phase of the generator 


in Fig. 121 deliver? Each lamp takes 500 watts, motor M, takes 
1 kw and motor M, takes 3 kw. 


Phase A 
Through Motor M, takes 1000 watts 
Transformer IT 4 lamps take 2000 watts 
Through + Motor Mz takes 1500 watts 
Transformer IIT 2lamps take . 1000 watts 


Total 5500 watts 
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Phase B 
Through 
Transformer I 3 lamps take 1500 watts 
Through Motor M, takes 1500 watts 
Transformer IIT 2 lamps take 1000 watts 
Total 4000 watts 


The generator is unbalanced, Phase A delivering 1500 watts more 
than Phase B. 

Prob. 1-7. If the power factor of motor M,, Fig. 121, is 65 per 
cent, how much current does the secondary winding of transformer 
Il carry? Use data of Example 1. 

Prob. 2-7. If one wire of each of the two phases in motor M,, 
Fig. 121, became grounded, what voltage would then exist between 
the remaining two wires? 

Prob. 3-7. The power 
factor of motor M2, Fig. 
121, is 88 per cent. How 
much current does each low- 
voltage coil of transformer 
bank III carry? Use data 
of Example 1. 

Prob. 4-7. How much 
current does each coil of 
the alternator of Fig. 121 
carry? Use data of Probs. 
1 and 3. Neglect trans- 
former losses. 


Three-phase System. 
If we put three equally Fic. 122. Three-phase alternator. Volt- 
spaced coils or windings age A; to As reaches its maximum 
as in Fig. 122 on the value 120° later than voltage B, to 
armature of Fig. 120, we » and the latter 120° later than the 
have a three-phase gen- Vltage Ci to Cr. 
erator. The voltage in coil B,B, reaches its maximum in- 
stantaneous value 120° ahead of the voltage in coil A;As, 
and the voltage of C:C2 120° ahead of that of B,B:2. That 
is, the voltage in B,B2 had passed through 120° of its cycle 
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when the voltage of A,A2 is at zero and about to begin its 
cycle, just as the voltage in coil A:A2, Fig. 121, has passed 
through 90° at the instant the voltage in coil BB. is zero and 
about to begin its cycle. 

Thus the voltage relations of the two coils in Fig. 121 are 
represented by the curves in Fig. 123, where B,B, is 90° 


FIG. 123. ‘Voltage curves for two phases of Fig. 121, B, Bz lagging 90° 
after Ay;A>. 


behind AA» and has a zero value when A,A>, has a maximum 
value. Fig. 124 shows similar curves of the voltages in the 
three coils of Fig. 122. The voltage in CiC2 has passed 
through 120° of its cycle just as the voltage in BB: is about 


Fig. 124. Voltage curves for three phases of Fig. 122; three distinct 
voltages equal in value but 120° apart as to phase. 


to begin its cycle, and the voltage of B,B, has passed through 
120° of its cycle at the instant the voltage in A,A2 is just 
beginning its cycle. 

Similarly, Fig. 125 is a vector diagram of the conditions in 
Fig. 121, showing that the voltage in A,A_ is equal to the 
voltage in B,B, but 90° ahead of it, and Fig. 126 is a vector 
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diagram of the condition of the three-phase generator of 
Fig. 122, showing that the voltage in CC, has passed through 
240° of its eycle, when B,B; has passed through but 120° and 
AA» is just beginning its cycle. It also shows that the 
voltages in all three phases are equal. 

The three phases of a three-phase generator are rarely ever 
run out on separate circuits of two wires each, as are the 
phases of a two-phase generator. They are generally con- 


S 


Fie. 125. Vector diagram of Fie. 126. Vector diagram of 
voltage relations in Fig. 121 voltage relations in Fig. 122 
and 123. and 124. 


nected together on the inside of the machine and run out on 
three or sometimes four wires. 

There are two regular ways of making these connections 
in a three-phase generator. 

62. Delta or Mesh Connection. The terminal A, may 
be connected to B,, Bz to Ci, and C2 to A;. Fig. 127 shows 
these coils so connected. The name Delta is applied to this 
method of connection because the diagram resembles the 
Greek letter delta, made like this, — A, and corresponding 
to the English letter D. The vector diagram of this connec- 
tion is represented in Fig. 132. 

Three wires are usually brought out from a generator so 
connected as 1, 2 and 3, in Fig. 127 and 128. Fig. 128 repre- 
sents conventionally a generator delta-connected, though it 
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must not be supposed that the armature or coils have this 
appearance. This is merely a convenient method of repre- 
senting an armature connected in this manner. 


Fie. 127. Delta connection of the coils of Fig. 122. Line wires 1, 2, 3 
carry current to the loads. 


It will be noted that the voltage between the line wires 1 
and 2, for instance, is the voltage in the coil C:C2. But it is 


Fig. 128. Voltages between line wires are called the “delta voltages”; 
they equal the voltage in delta-connected phases. 


also the resultant voltage of the series connection of the coils 
A,Az2 and B,Be, since these coils are connected in series 
between the line wires 2 and 1. 
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Assuming that the voltage across each armature coil is 
2300 volts, let us see what value the voltage between the line 
wires 3 and 1 has, in Fig. 128. From the fact that the line 
wires 1 and 2 are connected to the ends of the coil Ci:C2 we 


eS 2300 volts . 
Ay As 
Fie. 129. 


see that the voltage between 2 and 1 should be 2300 volts. 
But we have seen in Fig. 128 that the wires 1 and 2 are also 
across the series combination of the coils A;A, and B,B:. Let 
us therefore also determine the voltage of the series combina- 
tion of A,A_, and B,Bo. 


Fic. 130. Voltage B,B2 (2300) consists of B:X (1150) in phase oppo- 
sition with voltage A:A», and XB, (1992) in quadrature with A:A». 
Fig. 129 represents the voltage of 2300 volts in coil A;A». 

In Fig. 130 the vector B,B; is drawn at an angle of 120° ahead 

of A;Ao, that is, swung around on the pivot B, to a position 

120° from the direction of AiA2 in Fig. 129. We may now 
resolve the vector B,B2, Fig. 130, into two components, one 


190 ESSENTIALS OF ALTERNATING CURRENTS 


in phase with A,A» and one in “ quadrature ” or at 90° to 
A,As. These components correspond to the active and 
reactive components into which we have heretofore resolved 
any vector when we wished to add it to another. The vector 
B.X drawn from B, perpendicularly to the line of AiA2 
represents the quadrature component, and the vector BX 
represents the in-phase component. That is, we may con- 
sider the voltage of the coil B:B, made up of the in-phase 
component B,X and the quadrature component XB». 

The value of the in-phase component may be found from 
the equation: 

In-phase component = voltage X (power factor corre- 
sponding to angle of phase difference) 

or * BX = B,B, X “ power factor.” 
From Table I the power factor corresponding to an angle of 
120° is —0.500. 


Therefore, BX 


2300 X (—0.500) 
= —1150 volts. 
The minus sign merely indicates that the in-phase com- 
ponent of the voltage B,B, is in the direction opposite to 
the voltage A1A2. This is also shown by the fact that the 
vector B,X points in the direction opposite to the vector A,A >. 
The value of the quadrature component of B,B, may be 
found from the equation 
Quadrature component = voltage X (reactive factor 
corresponding to angle of phase difference) 
or XB; = B,B, X “ reactive factor.” 
The reactive factor corresponding to an angle of 120° 
is 0.866. Therefore, 
XB, 


I 


2300 X 0.866 
1992 volts. 

If now we combine the in-phase and quadrature com- 
ponents of 6B, with the corresponding components of A,A_ 
we have Fig. 13]. 
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AA, is entirely composed of in-phase component because 
we assumed it as a basis; thus to obtain the total in-phase 
component of the two voltages A,A»2 and B,B, we combine 
the whole of A,A2 with B,X, the in-phase component of 
B,B;. Since B,X is in the reverse direction to A,A2 we sub- 
tract BX from A,A>2 to get the 
in-phase component A,X of the 
series combination. 

Thus A\X — A,A> = Bux 

= 2300 — 1150 
1150 volts. , 


The quadrature component 
of the combination consists 
entirely of the quadrature com- i? 
ponent XB, of the voltage 4, 2300 Ag 
B,B2, since the voltage A,A, 
which was taken as the base has og Pe Mae TO ietels Bs 

‘ 1B, are added vectorially to 

no quadrature component. This 4,4, the resultant is A,Bs, 
is represented in Fig. 131 by — equal and opposite to C,C2. 
the vector X Bz of 1992 volts. 

The resultant of the series combination of AA» and B,B? 
is represented by the vector AiBe, Fig. 131. Its value may 
be found as follows: 


A:B, = V(AiX)? + (XB)? 
= V11502 + 19922 
= 2300 volts. 


Thus the voltage across the series combination of the coils 
A,A, and B,B, is 2300 volts, the same in value but opposite 
in phase to the voltage in coil CiC2. Therefore, it makes no 
difference whether we consider the voltage between the line 
wires 1 and 2 in Fig. 128 to be the voltage across the series 
combination of coils A;A2 and BB, or the voltage across the 
coil C,C2 alone. Hither way we view it, the voltage between 
the two wires is 2300 volts. Similarly, the voltage between 


1992 
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the line wires 3 and 1 may be considered either as voltage 
across the single coil B,B2 or across the series combination of 
the coils CyC2 and AiAs. But the voltage across the series 
combination of the coils A,A2 and C;C2 may be shown in the 
same way as above to be equal to the voltage across the single 
coil B, By or 2300 volts. 

Similarly, the voltage between the line wires 2 and 3 of 
Fig. 128 is the voltage across the series combination of the 
coils B,B, and C;C2, or the voltage of the single coil A;A2, 
each of which equals 2300 volts. Thus it is seen that. the 
voltage between any two of the three line wires is 2300 volts. 

It. may be stated as a rule that: 


In any three-wire three-phase system the voltage between 
any two wires should be the same. 


The voltage between any two line wires, however, is 120° 
out of phase with the voltage between any other two line 
wires. This is the main difference between a three-wire 
three-phase system and a three-wire single-phase system, 
which it will be remembered has the same voltage relations 
as a three-wire direct-current system. 

CAB: Prob. 5-7. If the voltage be- 
tween line wires 1 and 2 in the 
three-wire three-phase system of 
Fig. 128 were 600 volts, what 
would be the voltage between the 


wires 2 and 3, and between 3 
and 1? 


Prob. 6-7. What would be the 
voltage of the series combination 


C, pg, Of the armature windings C,C2 
Ay Aa and A;A_ of generator in Prob. 5? 
Fra. 132. Vector diagram of volt- P: rob. 7-7. From an inspection 
ages in delta. of Fig. 128, note that the arma- 


: ture windings form a closed cir- 
cuit. Study Fig. 132 and 131 and state the reason why no cur- 
rent will circulate in the armature windings delta connected, when 
no current is being delivered to the line. 
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63. Star or Y-Connection. The other common way of 
connecting the armature coils of the three-phase generator 
shown in Fig. 122 is as shown diagrammatically in Fig. 133. 


1 


Fic. 133. Star or Y-connection of three phases. 


The ends A;, B; and C; of the three coils are connected and 
wires brought out from the free ends Az, By and C, to the line 
wires 1, 2 and 3. This is called the star or Y-connection 
because of the resemblance of the diagram to a star or to the 
letter Y. 

The voltage between the line wires 1 and 2 is the voltage 
across the series combina- 
tion of armature coils B.B, 


and A,;A>. Weshall assume ged, 
iiat, the yoltagesim each Q—— 


Ay Ag 
armature coil is the same as 
in each coil of Fig. 128, and 
determine the voltage be- 
tween line wires as we did before. 

The vector in Fig. 134 represents the 2300 volts of the 
coil A,A>. 

In drawing the vector for the voltage in coil B2b,, care 
must be taken to note the difference in the method of connec- 
tion between these two coils in Fig. 128 and 133. In Fig. 128 
the two coils are connected so that the current flows in a 


Fig, 134. 
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positive direction through both coils A:A2 and BBs, but in 
Fig. 133 note that the current must flow in the reverse 
direction through coil B:B2, that is, from B2 to By, in order to 
get into coil A;Az. In other words, the coil B,B: has been in 
effect reversed by connecting it in this manner to coil A;A2. 
Thus if the dotted line B,B2, Fig. 135, represents the voltage 


Fie. 135. The 2300 volts of phase B, Fig. 133, consist of 1150 volts 
in phase with A;4,2 and 1992 volts in quadrature with A;A»s. A and 
B pull in opposite directions with a phase difference of 120°, which is 
equivalent to pulling in the same direction with phase difference of 60°. 


in coil B,B, when connected as in Fig. 128 (compare Fig. 130), 
then the full line B.B,, Fig. 135, in the reverse direction, must 
represent the voltage in the coil when its connection relative 
to A,A2 is reversed. Note that this reversing of direction 
causes the voltage in coil B,B, to have the effect of lagging 
60° behind the voltage in coil AA» instead of leading it by 
120° as before. The vector BX thus represents the in-phase 
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component of the reversed voltage in B,B. and the vector 
XB, represents its quadrature component. 
The in-phase component may be found by the equation 


B.X = AB, X (power factor for 60° phase difference). 
The power factor corresponding to 60° is 0.500 (Table I). 
Thus, 
B.X = 2300 X 0.500 
1150 volts. 


Ai 2300 Ao 1150 


: ’ 
les 


By 


Fic. 136. Line voltage from 1 to 2 in Fig. 133 is vector sum of voltage 
B, to B, and voltage A; to As, or A;A, added to BiB, reversed. The 
line voltage is thus 3984, or 1.73 times the voltage across each of the 
star-connected phases. 


The quadrature component may be found by the equation 
XB, = BB, X (reactive component for 60° phase difference). 
The reactive factor corresponding to an angle of 60° is 0.866. 


XB, = 2300 x 0.866 
1992 volts. 


Combining, in Fig. 136, that component of voltage in 
B.B, which is in phase with A,Az2, with the voltage in A,Ay 
itself, we get the vector A,X, which represents the in-phase 
component of the series combination of coils A,A» and BoB. 

Draw XB, the quadrature component of voltage in B.b, 
equal to the vector XB; of Fig. 135. 
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The voltage across the series combination may now be 
represented by the vector A:Bi, Fig. 136, which is the result- 
ant of the total in-phase and the total quadrature com- 
ponents. 


A,B, = V (AiA2 + A2X)? + XBP 
= V (2300 + 1150)? + 19922 
= V34502 + 19922 
= 3984 volts (practically 3980). 


This is the voltage between the line wires 1 and 2. Simi-_ 
larly, it can be shown that the voltage between any two line 
wires is also 3980 volts. Thus, when the voltage in each 
armature coil of a three-phase star-connected winding is 
2300 volts, the volts between any two of the line wires is 
3980 volts. 

Note that the line voltage 3980 is 388%, or 1.73 times the 
coil voltage of the generator. 

Thus in a delta-connected three-phase generator, the 
voltage between any two line wires is the same as the voltage 
in each phase of the armature winding. 

In a star-connected three-wire three-phase generator, the 
voltage between any two line wires is 1.73* times the voltage 
in each phase of the armature winding. 

Note also that the voltage between any two line wires of 
a three-wire line from a star-connected generator is 120° out 
of phase with the voltage between any other two line wires. 

This is evident from an examination of the following. In 
Fig. 136, the vector A,B, represents the voltage between the 
wires 1 and 2 of Fig. 183. Note that this vector A,B, lags 
30° behind the vector A,A», which represents the voltage 
across the coil A;A2 of the generator of Fig. 133. 

Similarly, the voltage between the wires 2 and 3 of Fig. 133 
would be found to lag 30° behind the voltage across the 


* Sometimes written V x since 1.73 = V3. For more accurate 
calculations use V3 = 1.732. 
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generator coil C\C2, and the line voltage between 3 and 1 to 
lag 30° behind the voltage across coil B,Bs. Thus, as the 
coil voltages are 120° apart in phase, so the line voltages, each 
of which lags 30° behind one of the coil voltages taken in 
order, must also be 120° apart. 

The same generator can be used delta-connected to supply 
2300 volts to a line, or star-connected to supply 3980 volts. 
The total power that could be delivered by the generator 
would be the same in either case, as the current per line wire 
would have to be correspondingly smaller at the higher 
voltage in order not to allow the current in the armature coils 
to become excessive. Note that in a star-connected arma- 
ture, the windings carry the same current as the line wires, 
while in a delta-connected armature the line current is 
divided between two armature coils, allowing more current 
than that flowing in each armature coil to be delivered to the 
line. 

* For various technical reasons three-phase alternators are 
usually star-connected. 


Prob. 8-7. If the coil voltage of the generator in Fig. 133 were 
580 volts, what would be the voltage between line wires 2 and 3? 

Prob. 9-7. In order that the line voltage in a Y-connected three- 
wire system be 6000 volts, what must the coil voltage of the genera- 
tor be? 

Prob. 10-7. What would be the line voltage of the generator in 
Prob. 9 if it were mesh-connected? 

Prob. 11-7. How could a star-connected three-wire three-phase 
induction motor built to run on 220 volts be reconnected to operate 
on 125 volts? 

Prob. 12-7. If a mesh-connected three-phase three-wire 550-voit 
motor were changed to the star connection, on what line voltage 
should it operate? 


64. Construction of a Polyphase Generator. As was 


previously stated, the figures representing the coils of an 
alternator do not in any way represent the mechanical 
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appearance of the coils, but merely show the electrical and 
magnetic effects produced in the armature and fields. The 
appearance of a three-phase generator of the revolving field 
type is shown in Fig. 137. The field F consists of spools of 
wire wound on soft steel cores, and is shown more in detail 


rq. 137. Three-phase alternator, engine type, 2812 kv-a, 240 rpm, 
2400 volts. Direct current from “exciter” generator at left end of 
main shaft passes through rings R into field magnets F. Stationary 
armature winding A connects to load. Westinghouse Elec. and 
Mfg. Co. 


in Fig. 1388. The field coils are supplied with direct current 
from an outside source through the collecting rings R. In 
this case, the source of field current is a d-c generator or 
“exciter”’ EH mounted on the main shaft (Fig. 188). 
The field poles of the alternator are alternate north 
and south poles which revolve within the stationary arma- 
ture. 
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; The armature of the alternator is illustrated by Fig. 139, 
in which the armature windings and terminals are clearly 
shown. Note that it is impossible to tell by an examination 
of the picture of the armature windings whether the armature 
windings are connected in star or in delta. But whether it 


Fic. 138. Rotor of alternator shown in Fig. 137. Direct current 
supplied from exciter # through rings & causes adjacent poles of field 
magnets to be of north and south polarity. Westinghouse Elec. and 
Mfg. Co. 


is star- or delta-connected, the armature coils would be put 
into the frame in exactly the same way. The only difference 
would be in the manner in which the coils were connected to 
each other after they were in place. There would be no 
difference in the appearance of the coils themselves nor in 
their relative positions on the frame, although electrical 
representations of the two methods of connection are entirely 
different as is shown in Fig. 128 and 133. 

65. Current in Line of Three-phase System. It is often 
necessary to determine the amount of current which will flow 
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from each terminal of a three-phase generator, in order 
to run a line wire of the proper size for carrying this 
current. 


Fig. 139. Stator of an alternator similar to that of Fig. 137. The 
three wires at bottom carry the output of the alternator to a three- 
phase load. 


Let us assume that a three-wire system having 110 volts 
between each pair of wires, A—~B, B-C and C-A as in Fig. 
140 is to supply a set of 15 incandescent lamps each taking 
2 amperes. We should distribute the lamps so that an equal 
number is on each phase as in Fig. 140, in order to balance 
the system or to equalize the amount of current flowing in 
the various line wires and parts of the generator winding. 


POLYPHASE CIRCUITS 201 


Each phase must, therefore, supply 5 lamps with a total 
current of 10 amperes. Thus the wires D, E, F, G, H and I 
must each carry 10 amperes. It is necessary now to 
determine what current the main wires A, B and C must 
carry. 

Note that as each main wire is connected to two of the dis- 
tributing wires it has to carry enough current to feed two 
sets of lamps. Thus Main A feeds Groups II and III; 


Fia. 140. Balanced load delta-connected on three-phase line. 


Main B feeds Groups I and II; Main C feeds Groups III 
and I. We will study the current conditions in Main B, 
feeding I and II, by means of the wires EF and F. 

As we have seen, in any balanced three-wire three-phase 
system, the voltage across Mains AB, BC and CA differ in 
phase by 120°. Therefore, let the voltage: across CA lead 
the voltage across BC by 120°, and the voltage across BC 
lead the voltage across AB by 120°. The voltage across 
each pair of mains, as we have seen, is 110 volts. These 
facts are represented by the vector diagram Fig. 141. 

The current in Group I of the lamps is in phase with the 
voltage across BC, since the lamps are non-inductive, and 
the current in Group II is in phase with the voltage across 
AB. Thus Fig. 142 will represent the current conditions in 
the lead wires Z and F in which the vector BF represents the 
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10 amperes flowing in wire F and in phase with the voltage 
across AB. Note that accordingly, vector BF, Fig. 142, is 
drawn in the same direction 
as vector AB, Fig. 141. 
Since vector BE, Fig. 142, 
represents the current of 10 
amperes in wire H, which is 
in phase with the voltage 
across BC, it is drawn in 
the same direction as the 
vector BC in Fig. 141. Since ~ 
the current in Main B is 
the resultant of the currents 
flowing in wires F and #, 
it can be represented as the 
Fig. 141. Voltage relations in resultant el the ‘vectonssBE 
three-phase line of Fig. 140. and BE of Fig. 142. We have, 
therefore, merely to com- 
bine these vectors in order to find the current in Main B. 
But note, in Fig. 141, that 
the positive direction across 
AB is from wire A to wire 
B. Thus the positive direc- 2 
tion of the current in Group % 
II is from wire A to wire B, ’ 
and, therefore, the positive 
direction of the current 5 10 Amp. E 
flowing into the wire B 


BC = 110 Volts 


AB= 110 Volts 


CA= 110 Volts 


E 


Fia. 142. Current from A to B in 
from Group II would be Group II, Fig. 140, is 120° out of 


toward the switch and phase with current from B to Cin 
could be indicated by the Group I. 


arrowhead « in Fig. 140. 

Similarly, the positive direction of the voltage across BC 
is from wire B to wire C. Thus the positive direction of the 
current in Group I is from wire B to wire C, and, therefore, 
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the positive direction of that component of the line current 
in B which feeds Group I must be away from the switch as 
represented by the arrowhead y in Fig. 140. Note from these 
arrowheads x and y, Fig. 140, that the two components of 
the current in Main B oppose each other. Thus if we con- 
sider the arrowhead y as representing the positive direction 
of the current in Main B then the arrowhead x represents 
the direction of a reverse current, and vice versa. The 
result is the same, whichever we consider as the positive 
direction. 

For convenience we will consider the direction indicated by 
x as the positive direction. Therefore, the current of 10 
amperes flowing from Group | 
II into Main B isin the posi- © 
tive direction of the current 
in the Main B or in the 
same direction as the posi- 
tive direction of the voltage 
from A to B. Thus the 
vector BF, Fig. 142, repre- 
sents that part of the cur- 
rent flowing in Main B 
which is supplied from 
Group II. 

But since the part of the 
current flowing from Main B 
into Group L isin the direc- Fic. 148. Main B, Fig. 140, carries 
tion opposite to the positive vector sum of currents A to B, 
sere (z)' ei the eae and C to D. But current C to B 
: ; is reverse of current B to C. 
in Main B, therefore, the Compare Fig. 142. 
vector BE, Fig. 142, must 
be reversed and become BEF; to represent the reverse direction 
(y) of that part of the current in Main B. The vector dia- 
gram of the parts of the current flowing in Main B is then 
represented by Fig. 143, in which vector BF represents the 
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10 amperes due to Group II in the positive direction, and the 
vector BE, represents the 10 amperes due to Group I leading 
the current BF from Group II, by 120°, but in the reverse 
direction. 

Note that in determining the method of constructing the 
current diagram for Main Bb, we 

First: Decide upon the positive direction of the voltage 
across the groups feeding Main B. 

Second: Make the positive direction of the currents in the 
groups the same as the positive directions of the voltages 
across the groups. 

Third: Determine from the above the positive directions 
in Main B for each of the currents flowing into Main B. 

Fourth: Choose one of these as the positive direction for 
all currents in the Main B, and reverse the vector of any 
current which feeds into Main B and has a positive dire¢tion 
opposite to that chosen for Main B. 

In order to determine the current flowing in Main B, 
we have now only to solve the vector diagram of Fig. 143, 
for which we proceed as follows: 

Construct Fig. 144, in order to find the two components 
of the current BE, in Group I, which are respectively in phase 
and in quadrature with the current BF in Group II. 

BE, represents the current of 10 amperes flowing from 
the line into Group I. 

KE, represents the quadrature component of this current.* 

BK represents the in-phase component. 

Power factor corresponding to angle of 60° = 0.500. 

Reactive factor corresponding to angle of 60° = 0.866. 

* Since the current in Group I is in phase with the voltage across 
Group I, it has no quadrature component with regard to the voltage 
across Group I. But since the current in Group I is out of phase with 
the current in Group II, it must have a quadrature component with 
respect to Group IT. This component, represented by the vector KE, 


is the quadrature component of the current in Group I with respect to the 
current in Group IT. 
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Quadrature component = indicated current xX reactive 
factor. 
KE, 4 BE, x 0.866 
= 10 X 0.866 
= 8.66 amperes. 
In-phase component = indicated current < power factor 
BK = BE, X 0.500 
= 10 X 0.500 
= 5.00 amperes. 


E, 
Fia. 144. Compo- Fia. 145. Total current in Main B, 
nents of load I, Fig. Fig. 140, composed of currents in 
140, are 5 amperes I and II, equals 1.73 times current 
in phase with II in each phase when load is balanced. 
and 8.66 amperes 
at 90° to II. 


Construct Fig. 145, in which BK equals the combined 
in-phase components of the currents in Groups II and I 
(that is, in phase with the current « of Group II which is 
chosen for reference). 

BF = in-phase component of Group II = 10 amperes. 

FK = in-phase component of Group I = 5 amperes. 

BK =10+4+5 

= 15 amperes. 

KE, represents the sum of the quadrature components of 

Groups II and I. 
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Quadrature component of Group II = 0. 
Quadrature component of Group I = 8.66. 


KE, = 0 + 8.66 = 8.66 amperes. 
BE, represents the total current in Main B, being a com- 
bination of the currents in Groups IJ and I. 
BE, = VBK? + KE? 
= V15? + 8.66? 


17.3 amperes. 


I 


Thus the line wire B carries a current of 17.3 amperes, _ 
made up of the currents of 10 amperes from Group I and 10 
amperes from Group I, the current in Group I leading the 
current in Group II by 120°, but in the reverse direction 
within Main B. 

In the same manner the currents in Main A and Main C 
can be determined. It will be found that each main is carry- 
ing 17.3 amperes. In fact, since the system is balanced, we 
know that the current in all mains must be the same. 

66. Relation of Current in Mains to Current in Groups. 
We have seen that when the current in each of the three 
groups of appliances on a balanced three-wire three-phase 
line is 10 amperes, a current of 17.3 amperes flows in each of 


the mains. In other words, =, or 1.73 times as much 


current flows in the mains as in each of the groups. This is 
always the relation of the current in each of the mains to the 
current in each group on a balanced three-wire three-phase 
system. It holds true regardless of what may be the power 
factor of the current in the three groups, inasmuch as the 
power factors, voltages and currents of all the groups on a 
balanced system must be the same, in order to maintain a 
true balance. 


Rule. To find the current in each main of a balanced 


three-wire, three-phase system, multiply the current in each 
phase or group by 1.73. 
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Example. An auditorium is supplied with two hundred forty 
100-watt lamps, on a three-wire three-phase system of 110 volts. 
How much current flows in the mains? 

Solution. } 

The lamps would be divided into three groups of 80 lamps each. 


Current in each lamp = 12° 
= 0.909 amperes. 
Current taken by each group = 80 X 0.909 
= 72.7 amperes. 
Current in Main = 72.7 X 1.73 
= 125.8 amperes. 


Prob. 13-7. A building is to be supplied with three-phase cur- 
rent for four hundred and fifty 150-watt 115-volt lamps. If the 
lamps are so grouped that the building load is balanced, how much 
current must each main carry? 

Prob. 14-7. If the lamps in Prob. 13 were supplied with single- 
phase current, how much current would each main carry? 

Prob. 15-7. What current would each main in the building of 
Prob. 13 carry if it were supplied with a four-wire two-phase system? 

Prob. 16-7. Assume that the lamp groups of Fig. 140 are replaced 
by three 110-volt single-phase induction motors, each taking 
2 kw at 70.7 per cent power factor. What current must each main 
carry in this case? 

Prob. 17-7. Three single-phase transformers are put on a three- 
wire three-phase 2300-volt line so as to balance the system. Each 
transformer is delivering 60 kw at 90 per cent power factor. What 
eurrent must the mains carry? 

Prob. 18-7. A 2300-volt three-wire three-phase line is loaded 
with eighteen 20-kw single-phase distributing transformers oper- 
ating at 94 per cent power factor. If line is balanced what current 
must be supplied to each main line wire, with all transformers 
fully loaded? 

Prob. 19-7. What current would flow in mains of Prob. 18 if 
only 15 of the transformers were in operation at a single time, and 
these at a power factor of 82 per cent? The line is still balanced. 


67. Power in a Balanced Three-wire Three-phase 
System at Unity Power Factor. Refer again to the bal- 
anced three-wire three-phase system of Fig. 140. Each 
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group of lamps receives 10 X 110 X 1, or 1100 watts from 
the line, since the power factor of the lamps is unity. As 
there are three groups: 


Total power received from line = 3 X 1100 
= 3300 watts. 


We know that the main line current is 17.3 amperes. If 
we multiply this current by the voltage between line wires we 
obtain only 17.3 X 110, or 1903 watts. Thus it is evident 
that the product of the line current times the line voltage 
does not equal the total power carried by the line. In fact — 
the power carried by the line, 3300 watts, is ?38$, or 1.73 
times as great as the product of the line amperes times the 
line volts. Hence the rule: 


To find the total power carried at unity power factor by a 
balanced three-wire three-phase system, multiply by 1.73 the 
product of the line current times the line voltage. 


Example. How much power can be transmitted-at 220 volts by 
a balanced three-wire three-phase system at unity power factor if 
each wire can carry safely 25 amperes? 

Solution. Power, at unity power factor, in a balanced three-wire 
three-phase system equals 1.73 X line amperes X line current, or 


1.73 X 25 X 220 = 9520 watts. 


Prob. 20-7. How much power can be distributed by a balanced 
three-wire three-phase system at 115 volts, unity power factor, if 
each wire can carry 55 amperes? 


Prob. 21-7. How many 60-watt 115-volt lamps can be put on a 
balanced three-wire three-phase 115-volt distributing line if each 
wire can carry 15 amperes? 


Prob. 22-7. A three-wire three-phase 230-volt unity-power- 
factor motor requires 1 kw to operate it. How much current must 
each lead to the motor carry? 

68. Power in a Balanced Three-wire Three-phase 
System at any Power Factor. Load the line of Fig. 140 
with three induction motors each operating at 80 per cent 
power factor and drawing 2 kw from the line as shown in 
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Fig. 146. We know that the power carried by the line must 
equal 3 X 2, or 6 kw, since there are three motors each 
taking 2 kw. If we wish to compute the power carried over 
the line by means of the current in the line we must proceed 
as follows: 


2000 
0.80 
2500 volt-amperes. 
Current taken by each motor = 23,2% 
= 22.7 amperes. 
Current in each main = 22.7 x 1.73 
= 39.4 amperes. 


Apparent power taken by each motor = 


I 


2 Kw. 2 Kw. 2Kw. 
.80 P.F. .80 PF. .80 P.F, 


Fig. 146. Balanced delta-connected load of 80 per cent power factor 
on three-phase three-wire mains. 


Knowing the current in the line to be 39.4 amperes, if the 
power factor of the load were unity, we could say that the 
power carried by the line would be 1.73 X 39.4 X 110 = 
7500 watts. But we have seen that the true power carried 
by the line is 2 X 3, or 6 kw, or 6000 watts, which is only 
$200 or 0.80 of the product. 

Note that 0.80 is also the power factor of the motors. 
Thus, in order to obtain the total power carried by the line 
it is necessary to multiply the product of the line current 
(39.4 amperes) times the line voltage (110 volts) not only by 
1.73 but also by the power factor of the load (0.80). In 
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other words, the product (1.73 X line current X line voltage) 
is only the apparent power carried by the line, and it must 
always be multiplied by the power factor of the load in order 
to obtain the effective or real power. 


The rule for power in a balanced three-wire three-phase 
circuit is: 
Total Power 
= 1.73 X line current X line voltage <X power factor of load. 


Example. What power is carried by a balanced three-wire three- 
phase 110-volt line each wire of which carries 20 amperes? The 
power factor of the load is 90 per cent. 


Solution. 


Power = 1.73 X line current X line voltage X power factor 
~= 1.73 X 20 X 110 X 0.90 
= 3425 watts. 


Prob. 23-7. How much current flows in a balanced three-wire 
three-phase system delivering 35 kw at 92 per cent power factor 
and 230 volts? 


Prob. 24-7. A three-wire three-phase line can carry 33 amperes 
in each wire. At what voltage must it operate in order to carry 22 
kw at 87 per cent power factor if the load is balanced? 


Prob. 25-7. A balanced three-wire three-phase line carries 12.5 
amperes in each line wire at 550 volts. If the power delivered is 
10 kw, what is the power factor of the load? 


Prob. 26-7. A balanced three-wire three-phase line delivers 
power to nine three-phase motors, each taking 1250 volt-amperes at 
230 volts and 78 per cent power factor. 

(a) What current flows in the line? 

(b) What power does the line carry? 

Prob. 27-7. If the motors of Prob. 26 were single-phase motors 
and operated on a single-phase line: 

(a) How much current would each line wire carry? 

(b) How much power would the line carry? 


Prob. 28-7. Solve Prob. 26 on the assumption that the motors 
are two-phase four-wire motors operating on a four-wire two-phase 
line. 
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69. Voltage Relations in Three-phase Four-wire Sys- 
tems. The four-wire three-phase system is sometimes used 
in order to obtain two voltages. The voltages produced by 
this system can be seen clearly from Fig. 147. which is the same 
as Fig. 133, except that a “ neutral ” wire is brought out from 
the point in the armature where the three windings are 
joined to make the star-connection. 


Fic. 147. Four-wire system gives two distinct sets of three-phase 
voltages, one set being 1.73 times the other set and 30° out of phase 
with it. Compare Fig. 133 to 136. 


Thus, if there are 127 volts across each armature phase, 
the voltage from the neutral to either line wire A, B or C 
would be 127 volts, because each armature winding is placed 
between one main wire and the neutral. The voltage 
between the mains A, B and C, as we have seen, would be 
1.73 X 127, or 220 volts. Thus we have available not only 
the three-phase pressure of 220 volts for motors, but also 127 


volts for lamps. 
70. Current in the Mains of a Balanced Four-wire 


Three-phase Line. 

(a) Loads having the same power factor. Consider the 
four-wire three-phase line of Fig. 148, in which the voltage 
between the mains A, B and C is 208 volts, and between the 
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208 


1.73? or 120 


neutral O and any one of the Mains A, B and C is 


volts. 

We shall first take up the case in which the three-phase 
motor M as well as the lamps has unity power factor. The 
current in each motor coil is 10 amperes as marked. Each 
main must, therefore, carry 10 X 1.73, or 17.3 amperes to 
feed the motor. 


n 
Be) 
= 

3S 

> 
i--] 
s 
R 


Fig. 148. Four-wire three-phase system. Each line wire carries vec- 
tor resultant of the currents in all load taps connected to it. See 
Fig. 149 and 150. 


Each group of lamps takes a current of 8 amperes. This 
current in each case is in phase with the main line current 
and has merely to be added to the 17.3 amperes carried by 
the line for the motor supply, since the power factor of the 
motor load and lamp loads is exactly the same. 

The main line current thus equals 17.34 8, or 25.3 
amperes. 

Since the system is balanced, the neutral carries no 
current, just as the neutral in a balanced single-phase or 
direct-current three-wire system carries no current. 

This is explained as follows: 

Since the current in the neutral wire O is the resultant of 
the currents flowing between O and A, O and B, and O and 
C, each current differing in phase with either of the other two 
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by 120°, we may draw the vector diagram, Fig. 149. Vector 
OA represents the 8 amperes flowing in Group III, lagging 
120° behind vector OB representing the 8 amperes flowing in 
Group IT, which in turn is 120° behind the vector OC repre- 
senting the 8 amperes flowing in Group I. 

We have'seen from Fig. 131 that when two equal voltages 
(A,A2 and B,B2) have an angle of 120° between them, their 
sum or resultant voltage (A,B2) is equal in value to either of 


Fig. 149. Represents currents Fia. 150. Neutral Main O of 
in balanced star-connected Fig. 148 carries current rep- 
loads I, II, III of Fig. 148. resented by vector OA be- 


tween IIT and II, OX between 
II and I, zero current be- 
tween I and generator. 


the two voltages and has a phase difference of 60° with each 
of the two voltages. Similarly, the resultant of any two 
currents added to each other at an angle of 120° is equal in 
value to either of the two currents and has a phase difference 
of 60° to each of the two component currents. 

Thus the resultant of the currents OA and OB can be 
represented by the vector OX, Fig. 150. This vector will 
equal 8 amperes and be at an angle of 60° to both OA and 


OB. 
But note that this vector OX representing combined 
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currents in III and II is equal to the vector OC representing 
current in I and is in the direction exactly opposite to it. 
Thus the combined currents fed to the neutral for any two 
groups exactly neutralizes the current fed to the neutral from 
the third group and no current flows over the neutral to the 
generator when the system is balanced. Of course if the 
load consists of single-phase groups separated from one 
another as in Fig. 148, the current OA (Fig. 150) will 
flow in the neutral wire between III and II, current OX be- 
tween II and I, and zero current between I and the. 
generator. 


Prob. 29-7. If the motor in Fig. 148 were a unity-power-factor 
motor requiring 1.5 kw and there were 60 lamps of 150 watts each, so 
connected to the neutral as to balance the system, what current 
would flow in the neutral? Construct diagram similar to Fig. 148 
to show arrangement of lamps and neutral using one lamp to repre- 
sent a group. State number of lamps this representative lamp 
stands for. 


Prob. 30-7. A four-wire three-phase system is to be used to 
operate eight three-phase 230-volt motors operated at unity power 
factor, and six hundred 75-watt lamps. Each motor takes 4.2 kw. 

(a) For what voltage should the lamps be ordered, if connected 
between lines and neutral? 

(6) What current flows in each main if system is balanced? 

(c) Show by diagram similar to Fig. 148 how the load should be 
distributed. 


(b) Loads of different power factor. Let us replace the 
unity-power-factor three-phase motor in Fig. 148 with a 
three-phase motor carrying the same current of 10 amperes in 
the motor coils but at a power factor of 80 per cent lagging, 
and leave the same lamp load connected to the line. When 
the motor takes a balanced load of unity power factor, the 10 
amperes in each coil of the motor is in phase with the voltage 
across that coil or across the line wires between which it is 
connected. Also the 17.3 amperes in the lead connecting 
each motor terminal to a line wire is in phase with the voltage 
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between that line wire and the neutral wire, just as the current 
in the lead from each line wire to one of the star-connected 
loads I, II, III is in phase with the voltage from that line wire 
to the neutral O, when the loads I, II, III are non-inductive. 
When the power factor of M is 80 per cent lagging, the 10 
amperes in each coil lags 37° behind the voltage across that 
coil or between line wires, and the 17.3 amperes in each motor 
lead lags 37° behind the voltage between that lead or line 
wire and neutral. Therefore, if the loads I, II, III are non- 
inductive, and M operates at 80 per cent power factor 


10,4 amp. 


Fie. 151. Currents in all taps to same main in Fig. 148 are represented 
in relation to same voltage (in this case, from main to neutral), and 
then added vectorially. 


lagging, it follows that the 17.3 amperes in each motor lead 
lags 37° behind the 8 amperes in each lead to I, II, III. 
The resulting current to the mains would, therefore, be the 
combination of a current of 8 amperes with one of 17.3 
amperes lagging 37°. To find the value of this resulting 
current, construct Fig. 151. Vector OA represents the 8 
amperes carried by one main to supply the lamps. Vector 
AC drawn lagging 37° behind OA represents the 17.3 amperes 
carried by the same main to supply the motor. Vector AB 
represents the in-phase component of AC, that is, in phase 
with OA. Vector BC represents the quadrature component 
of AC (that is, in quadrature with OA) and lags 90° behind 
the in-phase component AB. The vector OC represents the 
vector sum or resultant of the in-phase components OA and 
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AB, and the quadrature component BC. OA, being used as 
a basis of reference, has no quadrature component. 
OC =\N 08? pC; 
= V 21.8? + 10.4? 
= 24.2 amp. 
The current flowing in each main, therefore, equals 24.2 


amperes when the power factor of the motor is 80 per 
cent. 


Fig. 152. Delta-delta connection of single-phase transformers on 
three-phase system. 


Prob. 31-7. If the power factor of the motor in Fig. 148 were 
70 per cent lagging, what current would flow in the mains? 


Prob. 32-7. What is the power factor of the total load supplied 
in Prob. 31? 


Prob. 33-7. Two three-wire three-phase 220-volt motors are 
attached to a four-wire three-phase line. The first motor takes 
10 kw at 70 per cent lagging power factor; the second, 15 kw at 
85 per cent lagging power factor. What current flows in each 
main? 


Prob. 34-7. If ninety 150-watt 127-volt lamps are attached to 
the line of Prob. 33 in such a way as to balance the system, what 
current would flow in the mains? 
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71. Transformer Connections 
in Three-phase Systems. In con- 
necting distributing transformers 
to a high-voltage three-wire three- 
phase line, a single three-phase 
transformer may be used or three 
single-phase transformers. In 
either case several schemes of 
connection are possible. Fig. 152 
and 153 show the primary wind- 
ings of three single-phase trans- 
formers connected in delta to the 
2300-volt line and the secondary 


windings connected in delta to a Fie. 153. Electrical connec- 


230-volt three-wire three-phase 
distributing system. This is called 
a delta-delta connection, since 
both the primary and secondary 


tions of Fig. 152. Primary 
and secondary of each 
transformer consists of two 
halves in series. 


a 
B= 
a 
° 
> 
& 
Gc) 


Fia. 154. Star-star connection of single-phase transformers on three- 


phase system. 


sides of the transformers are connected in delta to their re- 


spective circuits, 


918 ESSENTIALS OF ALTERNATING CURRENTS 


Note that the neutral point of one of the secondary wind- 
ings is generally grounded. The transformer cases should 
also be grounded. 

Fig. 154 and 155 show a star-star connection for the same 
transformers, both the primaries 
and secondaries being star-connect- 
ed to their respective circuits. 
Note that the neutral point of 
3 the low-tension side is generally 
e Primary | grounded, and also that the volt- 
age of both circuits will be 1.73 
times what it was for the same 
transformers delta-connected. 


Secondary 


Prob. 35-7. Construct diagrams 
similar to Fig. 152, 153, 154 and 155 
for these transformers delta-star ¢on- 
nected. Connect the primaries in 
delta, marking voltages between lines 
and putting in proper ground con- 


Fie. 155. Conventional nection. 


diagram of electrical con- 
nections for Fig. 154. Prob. 36-7. Construct diagrams 
similar to Fig. 152, 153, 154 and 155 
for these transformers star-delta connected. 

72. Measurement of Power and Power Factor in a 
Balanced Three-wire Three-phase Circuit. The power in 
a balanced three-wire three-phase circuit can be measured 
by attaching two wattmeters as in Fig. 156. Note that the 
wattmeter W, to read the power taken by the motor M has 
its current coil connected in one lead, in this case, C, and the 
voltage coil is between lead C and lead B. 

The current coil of wattmeter W. must be placed in line 
A, so that its voltage terminals may be attached to line 
A and line B. The algebraic sum of these two wattmeter 
readings is the effective three-phase power taken by the motor.* 

* The two wattmeters should both be connected in the same manner 
to each line; that is, if the + or right-hand side of the current and the 
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The apparent power is found by connecting the voltmeter 
V and the ammeter A as in Fig. 156 and multiplying the 
product of their indications by 1.73. If the system is only 


Cc 


Fie. 156. Total power carried by any three-phase system, balanced or 
unbalanced, at any power factor, may be measured correctly by two 
wattmeter readings as here indicated. 


slightly out of balance the average readings of an ammeter 
placed in each lead successively may be taken as the current, 
and the average voltage between leads as the pressure. The 
power factor may then be found from the equation 


Effective power 
Apparent power 


__ Sum of wattmeter readings 
~ 1.73 X line volts X line amperes ° 


Power factor = 


voltage terminals of Wi are connected to the motor side of the line, 
then both the current and voltage + or right-hand terminals of W2 
should be connected to the motor side of the line. If both instruments 
now indicate properly, add the two indications. If one wattmeter 
tends to indicate negative value, reverse either the current or the 
voltage connections and subtract the reading of one wattmeter from 
the reading of the other. 
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Prob. 37-7. Two wattmeters connected like W; and W, in Fig. 
156 indicate 3250 and 1620 watts, respectively, the voltmeter, 440 
volts, and the ammeter, 7.3 amperes. 

(a) What power does the motor take? 

(6) What is the power factor of the motor? 


Prob. 38-7. A wattmeter connected like W, in Fig. 156 indicated 
1.2 kw. Another wattmeter connected as W», indicated 2 kw. 
The average reading of an ammeter when placed in the three leads 
was 8.6 amperes. The average voltage between leads was 230. 

(a) What power was taken by the motor? 

(b) What was the power factor of the motor? 


SUMMARY OF CHAPTER VII 


In a SINGLE-PHASE SYSTEM the alternating voltage reaches 
its maximum value or its zero value at the same instant in all 
parts of the system. A single-phase system may be two-wire 
or three-wire,.like the corresponding direct-current systems. 

In a POLYPHASE SYSTEM the alternating voltage reaches 
its maximum value or its zero value at different instants in 
various parts of the system. The polyphase systems most com- 
monly used are THREE-PHASE and TWO-PHASE. 

A THREE-PHASE SYSTEM usually has three wires, say A, 
B, C. Loads are connected from A to B, from B to C, and 
from C to A (DELTA CONNECTION, represented by the symbol 
A); or, one end of each of the three loads is connected to 
one of the wires A or B or C, and the other three load terminals 
are connected to a common point known as the ‘‘ neutral ”’ 
(STAR CONNECTION, represented by the symbol Y). In a 
four-wire three-phase system the neutral points (N, or O) of 
all the three-phase loads are connected to each other and to the 
neutral point of the three-phase winding of the generator, by the 
fourth wire. The three-wire system is most usual. 

In any three-phase system there is a phase difference of 120°, 
representing the time required to pass through one-third of a 
cycle, between the voltages A to B, B to C, and C to A, each to 
each; or between the voltages N to A, N to B, and N to C, each 
to each. The former are called the DELTA VOLTAGES, and 
the latter are called the WYE VOLTAGES. In a _ balanced 
three-phase system, the voltage between any pair of lines 


is equal to 1.73 times the voltage between any line and 
neutral. 
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A TWO-PHASE SYSTEM usually has four wires, say A; and 
Az, B,; and Bz. Loads are connected from A, to Az, and from 
B, to Bz. The voltage from Aj, to Az is 90° out of phase with 
the voltage from B; to Bz. These two voltages should have 
equal numerical value. Sometimes, but rarely, two of the wires 
are combined into one, forming a three-wire two-phase system. 

A polyphase system is BALANCED when all three wires of 
the three-phase, or all four wires of the two-phase system, carry 
equal amounts of current. 

Generators for single-phase, two-phase or three-phase do not 
differ from one another essentially, except as to the manner in 
which the coils in the armature winding are connected together 
and to the terminals. 

Any given three-phase generator may be easily changed from 
A to Y connection without disturbing the coils; in A it can de- 
liver 1.73 times as much current per terminal but at only 
times as much voltage between terminals asin Y. The power 
capacity is the same in either case. 

TOTAL OR RESULTANT CURRENT flowing in any given main 
of a three-phase system, to supply several loads connected to 
this main is found as follows: 

1°. From power factor of each load, find phase angle between 
its current and the voltage which produces it. 

2°. From known phase relations between the A and Y volt- 
ages, find phase angle between each individual load current and 
some one voltage, say the voltage from that main to neutral. 
Thus, by comparison, we arrive at the phase relations of all in- 
dividual load currents to one another. 

3°. Draw vector diagram showing individual load currents 
that flow from same main, in their proper phase relation to one 
another. 

4°. Select one vector as base and, knowing all the angles, 
resolve each vector into two components, one in phase with the 
base vector and one in quadrature (at right angles) withit. By 
algebraic additions find in-phase component and quadrature 
component of total or resultant current in the main. 

5°. Amperes in main is equal to square root of sum of squares 
of total in-phase component and total quadrature component. 

The CURRENT IN EACH WIRE of a balanced three-phase 
three-wire system is equal to the current in each phase of the 


load if the loads are Y-connected, or is equal to V3 (or 1.73) 
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times the current in each phase of the load if the loads are A- 
connected. In a balanced, three-phase four-wire system, the 
neutral wire carries no current between the generator and the 
load, but may carry current between the loads if they are not all 
located at the same point. 

TOTAL POWER IN ANY POLYPHASE SYSTEM, two-phase or 
three-phase, balanced or unbalanced, is equal to the sum of 
products obtained by multiplying amperes in each load by volts 
across that load by power factor of that load. 

If a three-phase system is BALANCED, the total current and 
the total power factor in each phase are the same, and the 
calculation of total power for the entire system becomes sim- 
plified as follows: 

Total power in balanced three-phase system 


= 1.73 X amperes per line wire X volts between line wires 
X power factor of load. 

POWER FACTOR OF A THREE-PHASE SYSTEM is equal to the 
ratio of the sum of watts in all loads of all phases, to the sum 
of indicated volt-amperes in all loads of all phases. This power 
factor has no significance unless the system is balanced, when 
it is equal to the power factor of each of the three phases con- 
sidered as a single-phase circuit. 

TOTAL POWER in a three-phase system is usually MEAS- 
URED by means of TWO WATTMETERS (or by a “ polyphase 
wattmeter ’’ which is really two wattmeters in the same instru- 
ment). One of these wattmeters has its current coil con- 
nected in series with line wire A and its voltage coil connected 
from line wire A to line wire B. The other wattmeter must be 
connected in EXACTLY similar or symmetrical fashion, with 
its current coil in wire C, and its voltage coilfrom C toB. The 
algebraic sum of simultaneous readings on these two watt- 
meters is equal to the total power, for all conditions of load. 
Unless the load is balanced and has unity power factor, the two 
readings will be unequal; in fact, one of them may be negative, 
necessitating reversal of connections for one of the wattmeter 
coils in order to make the reading, in which case the algebraic 
sum of readings becomes an arithmetical difference. 


PROBLEMS ON CHAPTER VII 


Prob. 39-7. If the induction motors of Prob. 16 were added to 
the lamp load of Fig. 140 (one motor to each lamp group and each 
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lamp group taking 10 amperes), how much current would each of the 
mains receive from the station? 


Prob. 40-7. A 2300-volt three-wire three-phase transmission 
line has 48 single-phase distributing transformers supplying 1 kw 
each at 88 per cent power factor, and 18 single-phase transformers 
each supplying 2 kw at 95 per cent power factor. If the line is 
balanced, what current must the power station supply to each main? 


Prob. 41-7. If the load of Prob. 39 were all on a single-phase line 
at’ the same voltage between wires, how much current would be 
supplied to each line wire? 


Prob. 42-7. If the total load of Prob. 39 were supplied by a four- 
wire two-phase line, how much current would be carried by each line 
wire? Assume the load to be balanced. 


Prob. 43-7. What current would have to be supplied to each 
wire of a single-phase line to supply the transformers of Prob. 40? 


Prob. 44-7. What current would have to be supplied to each 
wire of a four-wire two-phase line to supply the transformers of 
Prob. 40, if the load were balanced? 

Prob. 45-7. Each main of a three-wire three-phase 115-volt 
distributing system can carry 30 amperes. How many 60-watt 115- 
volt lamps can be attached to this system if properly balanced? 


Prob. 46-7. If the system of Prob. 45 were a four-wire two-phase 
115-volt system, how many 60-watt lamps could be attached, assum- 
ing the system properly balanced? 

Prob. 47-7. How many 60-watt 115-volt lamps could be attached 
to a single-phase 115-volt system, using the same size wires as in 
Prob. 45? 

Prob. 48-7. How many 60-watt lamps could be used on the 
distributing system of Prob. 45, if it were used as a three-wire single- 
phase line and the load were properly balanced? 

Prob. 49-7. In Fig. 157 each lamp takes 1.2 amperes. The 
three-phase motor takes 12.4 amperes at 78 per cent power factor 
lagging. Find: 

(a) Current delivered to each line wire at switch. 

(6) Power factor of total load on line. 

(c) Total power delivered at switch. 

Prob. 50-7. If the three lamp groups of Fig. 157 were replaced 
by one three-phase motor taking 4.8 amperes per lead and operating 
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at 90 per cent leading power factor, what would be the answers to 
the three parts of Prob. 49? 


Fig. 157. Balanced delta load on three-phase line. 


Prob. 51-7. How much power does the motor in Fig. 148 draw 
from the line? 


Prob. 52-7. What total power does the line in Fig. 148 deliver? 


Prob. 53-7. If the main switch in Prob. 24 is fed by three single- 
phase transformers, what rating must each transformer have? 


Prob. 54-7. Connect the three transformers of Fig. 152 or 154 
in star-star to a three-phase three-wire 2300-volt line. (a) What 
will be the voltage on the low-tension side of each transformer? 

(b) What will be the voltage between wires of the low-tension 
distributing line? 


Prob. 55-7. If each transformer in Fig. 152 is rated at 10 kv-a, 
what current can be supplied to the secondary line without ex- 
ceeding the rating? 

Prob. 56-7. If each transformer of Fig. 154 is rated at 10 kv-a, 


what current can be supplied to the secondary line without ex- 
ceeding the rating? 


Prob. 57-7. What power is carried by a balanced three-phase 
three-wire line which carries 52 amperes at 550 volts if the power 
factor of the load is 75 per cent? 


Prob. 58-7. By aid of vector diagrams prove that the voltages 
A to B, B to C, and C to A must be 120° apart in phase if each of 
these voltages has a value of 110 volts, or in general if the three line 
voltages are equal. 
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Prob. 59-7. Three single-phase transformers, each with its two 
low-tension coils connected in series, are connected in delta to a 230- 
volt low-tension three-phase three-wire distributing system. If 
another three-wire system be connected to the mid-points of the 
three transformer windings, will this also be a three-phase system? 
If so, what will be the voltage between any two line wires? 


Prob. 60-7. What must be the voltage ratio of each of three 
single-phase transformers connected in star-delta in order that they 
may take power from a 13,200-volt three-phase transmission line 
and deliver it to a three-phase three-ring rotary converter with 384 
volts between rings or wires? 


Prob. 61-7. If the transformers of Prob. 60 are to deliver alto- 
gether 1600 kv-a at 82.5 per cent power factor, how many amperes 
are taken from each high-tension line wire and how many amperes 
are delivered by each lead to a ring on the converter? 


Prob. 62-7. In attempting to make the star-star connections 
shown in Fig. 154 and 155, the wireman got the low-tension con- 
nections of transformer II reversed. The three voltages between 
secondary mains are no longer equal; what are they? 


Prob. 63-7. In attempting to make the delta-delta connections 
shown in Fig. 152 and 153, the wiremian got the low-tension termi- 
nals of one of the transformers reversed. What effect would this 
have when the connections are completed? Illustrate by a vector 
diagram, after the manner of Fig. 132. 

Prob. 64-7. A three-phase three-wire transmission line with 
66,000 volts between wires, supplies a three-phase synchronous 
motor through step-down transformers with star-connected prima- 
ries and delta secondaries. The motor delivers 1500 horse power 
at 92 per cent efficiency, and takes power at 94 per cent power 
factor. The transformer efficiency is 99.1 per cent. (a) What 
ratio is required in each transformer, if the motor requires 4600 
volts between terminals? (6b) What current is delivered to each 
motor terminal? (c) How many amperes are taken from each 
high-tension line wire? 

Prob. 65-7. A water-cooled rheostat consisting of three similar 
coils of iron wire connected in delta is used as an artificial load for 
testing a three-phase generator. When so connected the rheostat 
takes altogether 180 kw. If the three sections were reconnected 
in star, how much power would the rheostat take from the generator 
at the same voltage between line wires? 
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Prob. 66-7. A balanced load of incandescent lights and three- 
phase induction motors is carried at the end of a three-wire feeder 
which takes 76 kw from the station switchboard with 25 amperes 
per wire and 2300 volts between wires. What is the power factor 
of this feeder? 

Prob. 67-7. The distributing transformers on the feeder of Prob. 
66 and the feeder itself require for excitation, altogether, 5.1 kv-a at 
60 per cent power factor. How much power is consumed by the 
lamps and motors together, and at what power factor? 

Prob. 68-7. The lamp load of Prob. 66 and 67 consists of one 
hundred 150-watt 115-volt lamps on each phase connected in a 
three-wire single-phase system, the transformers being connected — 
in delta on the high-tension side. Draw a sketch of the connections. 
Calculate how much power must pass on along the feeder to the 
induction motors, and at what power factor. 

Prob. 69-7._ The motors of Prob. 66, 67, 68 are connected directly 
to the feeder and operate at 2300 volts. -How many amperes must 
be delivered to them over each-wire of the feeder? 


Prob. 70-7. If 2.1 kw out of the 5.1 kv-a specified in Prob. 67 are 
consumed in the line wires themselves at unity power factor as 
heat on account of their resistance, how many kilovars are taken 
by the line and the transformers? How many kilowatts are lost 
in the transformers? 


CHAPTER VIII 


CALCULATION OF WIRE SIZES FOR VARIOUS DIS- 
TRIBUTING SYSTEMS 


In calculating the size of wire to be used in alternating- 
current distributing systems we must first determine the 
current that the wire is to carry, and select a wire which will 
carry this current without over-heating. This selection can 
usually be made from the Underwriters’ “‘ Table of Allow- 
able Current-carrying Capacity of Wires.’’? See Table II in 
Appendix. 

The wire chosen should then be checked up to see that the 
voltage used in overcoming the impedance of the line does 
not exceed the allowable amount, — usually between 3 per 
cent and 5 per cent of the voltage at the load when lamps 
form part of the load and 10 per cent when the entire load 
consists of motors, heating appliances, and the like: 

73. Single-phase Two-wire System with Lamp Load. 
Neglecting Voltage Drop. The most common system of 
wiring for an average lamp load is the two-wire single-phase. 
Fig. 158 represents such a system for a two-story building. 


Example 1. Panel B feeds four circuits each having twelve 40- 
watt lamps. Each branch therefore normally carries 480 watts. 
However, as there is always a likelihood that lamps of greater 
wattage may be used in some sockets, it is best to assume that each 
branch may be loaded to the maximum wattage ordinarily per- 
mitted for any branch circuit, which is 660 watts if the usual No. 14 
wire (the smallest size permitted) is run for the branch circuits. 
This means that Main No. 2 must carry 4 X 660, or 2640 watts. 
For a line voltage of 110 volts, each wire must carry 25°, or 24 
amperes. 

Referring to Table II in the Appendix, we see that for Main No. 2 
we should use No. 10 rubber-covered wire, which will safely carry 25 
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amperes. If each of the branches from panel board A is rated to 
carry 660 watts, then Main No. 1 must carry 6 < 660, or 3960 watts. 
Each wire of Main No. 1 will therefore have to be large enough to 
carry 2,°,5°, or 36 amperes. This will require a No. 6 rubber-covered 
wire, according to Table II in the Appendix. 


Main No. 2 


Main No. 2 


Branches Ban Branches 
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Fic. 158. Diagram of single-phase two-wire system for a two-story 
building; showing feeder, mains, and branches. Cut-outs or fuses 
of proper capacity must be installed in smaller wire wherever it joins a 
larger one. 


The feeder (from the meter to the first floor cut-outs) must carry 
the current for Main No. 1, 36 amperes, and for Main No. 2, 24 
amperes, or 60 amperes. This feeder must therefore be No. 4 
rubber-covered wire, according to Table II of the Appendix. 
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74. Voltage Drop in Single-phase Two-wire System. 
The above determination of wire size for the different parts 
of the system does not take into consideration the drop in 
voltage along the line. 

As we have seen, this drop should not ies 5 per cent 
of the voltage at the load in the case of lamp loads; and 
this drop may be distributed to best advantage according to 
the following table adapted from Cook’s “‘ Interior Wiring.” 


TABLE V 


VALUES oF Maximum VouttTacGE-Dror ALLOWANCE FOR Loaps WHICH 
INCLUDE Lamps. 


In voltage between wires for 


110 115 120 240 
volts. | volts. | volts. | volts. 


1°68 (1772/18 3°68 
$510. led. 15) 21.91) 24 
2.75 | 2.88 | 3.0 | 6.0 
5.50 | 5.75 | 6.0 | 12.0 


From this table we see that we should not have more than 
5.5 volts total drop from the feeder switch to the most remote 
lamp, in a 110-volt lighting system. 

Let us first calculate the drop to a lamp in Group B, which 
is situated farthest from the service point D. 

Drop in branch. — We will assume that the distance to 
the load center* of the longest branch in Group B does not 
exceed 544 ft, since this length produces the maximum allow- 


* The load center is the point on the branch at which the lamps may 
be considered to be concentrated, for convenience in calculating. The 
drop to the farthest lamp will be practically the same as the drop to the 
load center. For method of determining the location of this point see 
Cook’s “ Interior Wiring ”’ or Croft’s ‘‘ American Electricians’ Hand- 


book.” 
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able voltage drop. We thus have 109 ft of line wire in the 
branch, outgoing and return. 

The resistance of 1000 ft of No. 14 from Table III, Appen- 
dix, is 2.521 ohms. 


Resistance of 109 ft = 74%% X 2.521 


0. 975 ohm. 


I 


The largest permissible current in each branch is $4%, or 
6 amperes. 


6 >Si0.275 
1.65 volts. 


Voltage drop to overcome resistance 


This value, 1.65 volts, is allowed by Table V for the drop 
in branches-on a 110-volt line. 

Dropin main. Main No. 2 extends to the cutout C on the 
first floor, a distance of 30 ft + 20 ft, or 50 ft. This part of 
the circuit requires a No. 10 wire, 2 X 50, or 100 ft long. 

By Table III in Appendix, 1000 ft of No. 10 copper wire 
has a resistance of 0.9972 ohm. 


Resistance of 100 ft = 34%% & 0.9972 
= 0.0997 ohm. 


The current carried by Main No. 2 is the current of the 
four branches from the cutout box B, each of which may carry — 
6 amperes. The greatest current in Main No. 2, therefore, 
equals 4 X 6, or 24 amperes. 

Voltage to overcome resistance of Main No. 2 equals 


24 X 0.0997 = 2.39 volts. 


This is more than double the 1.10 volts of Table V for the 
allowable drop in mains. But before deciding the wire is 
too small, it is well to see if the feeder drop will not be 


enough smaller than the 2.75 volts allowed, to make up ine 
difference. 
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Drop in feeder. The feeder consists of 70 X 2, or 140 ft 
of No. 4 copper wire having a resistance according to Table 
ILI of 0.248 ohm per 1000 ft. 


Resistance of 140 ft = +y4° of 0.248 
0.0347 ohm. 


I 


As this may have to carry 60 amperes, 


Drop due to resistance = 60 X 0.0347 
= 2.08 volts. 


This is somewhat under the 2.75 volts allowable. 

The total voltage drop due to resistance in feeders, mains 
and branches out to the farthest lamp from box B, when all 
the lights are on, would be 


Drop in branch = 1.65 
Drop in main = 2.39 
Drop in feeders = 2.08 


Total = 6.12 volts 


This is somewhat over the amount (5.50 volts) allowed by 
Table V. 

Moreover, we have not yet considered the drop due to the 
reactance of the line. Let us assume that the wires are 
installed “open” at the standard distance of 2.5 inches 
between centers of conductors (see National Electrical 
Code, Section 501 j). 

By Table IV of the Appendix, we see that the 60-cycle 
reactance of the No. 14 wire spaced 23 inches as used in the 
branches is 0.1079 ohm per 1000 ft. 

Consider average branch to be 54} ft long; that is, Heine 
109 ft of wire. 

Reactance of each branch is 74%% 0.1079 = 0.01176 ohm. 

Maximum current in each branch is $$$ = 6 amperes. 

Maximum reactance drop is 6 X 0.01176 = 0.0706 volt. 
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This drop is too small to be considered and is usually 
neglected in practical computations. 

The reactance per 1000 feet of No. 10 conductor spaced 
2.5 inches is 0.0953 ohm, at the frequency of 60 cycles per 
second commonly used for lighting circuits. 


Reactance of Main No. 2 = 7%°% of 0.0953 
0.00953. 


As Main No. 2 carries 24 amperes, the voltage to overcome 
reactance 


= 24 0.00953 
= 0.229 volt. 


The 60-cycle reactance of 1000 ft of No. 4 wire (stranded) 
with 23-inch spacing is 0.0764. 


Reactance of 140 ft 


bor X 0.0764 


1 


= 0.0107 ohm. 
Reactance drop in feeders = 0.0107 < 60 
= 0.642 volt. 
Total reactance drop = 0.64 + 0.23 
= 0.87 volt. 


In order to check up the total line drop and be certain that 
it does not exceed the limits given in Table V, it is generally 
more satisfactory to assume that the line has the maximum 
drop allowed by the table. This determines what the lowest 
possible voltage at the farthest lamp can be. Thus, if we 
assume that this line has the full 5.5 volts line drop allowed 
in Table V, then the voltage at the farthest lamp would be 
110 — 5.5, or 104.5 volts. We now determine what voltage 
must be impressed on the main switch D in order to give 
104.5 volts at the farthest lamp and still allow 6.12 volts 
resistance drop and 0.87 volt reactance drop in the line. 
If the switch voltage necessary is less than 110 volts then 
the line drop must be within the limits allowed. If more 
than 110 volts are required at the main switch to maintain 
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the lowest allowable voltage at the farthest lamp, then the 
line drop exceeds the allowable amount. 

We can see at a glance that in this case we have somewhat 
more line drop than is allowed, since the resistance drop 
alone of 6.12 volts is 6.12 — 5.5 or 0.62 volt more than the 
total drop of 5.5 volts of the table. In addition to this we 
also have a reactance drop of 0.87 volt. 

But this 0.87 volt reactance drop in the line is not so 
serious as at first appears, since it must be remembered that 
the voltage to overcome reactance is 90° out of phase with 
the voltage to overcome resistance. It is, therefore, well to 
apply the following check to the work. 

Construct Fig. 159, vector AB to represent the voltage of 
104.5 volts across the farthest lamp. 


0.87 volts 
A 104.5 volts B 
6.12 volts 


Fie. 159. To get 104.5 volts at the farthest lamp requires AC volts at 
the service switch D, Fig. 158. 


Since the power factor of the lamps is unity, the resistance 
drop in the line must be in phase with the voltage across the 
lamps. Vector BD drawn along the same line as AB may, 
therefore, represent the 6.12 volts used to overcome the gine 
resistance. 

The voltage to overcome the line reactance must lead the 
voltage to overcome the line resistance by 90° because the 
current through reactance alone lags 90° behind the volt- 
age, while the voltage to send the current through resistance 
is in phase with the current. Thus vector DC leading by 90° 
can represent the 0.87 volt used to overcome the line react- 
ance. The vector AC will then represent the feeder switch 
voltage necessary to overcome 6.12 volts due to line resistance 
and the 0.87 volt due to line reactance and supply 104.5 
volts to the lamp. 
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The value of the feeder-switch voltage may then be found 


as follows: 

AC = v (AB + BD)? + DC? 
V (104.5 + 6.12)? + 0.87? 
110.6 volts (practically). 

if we consider the resistance drop alone (6.12 volts) the 
feeder switch voltage would still have to be 104.5 + 6.12 or 
110.6 volts (practically). 

The reactive drop of 0.87 volt, therefore, does not appreci- 
ably affect the line drop. But since the feeder-switch volt-_ 
age is only 110 volts it is, therefore, unable to supply the 
lamps with 104.5 volts. The line drop is thus greater than 5 
per cent. It is necessary, therefore, to make Main No. 2 of 
the next-larger stock size of wire, which is No. 8. 


ll 


Prob. 1-8. Calculate the voltage at the farthest lamp in Group 
B of the above example, using No. 8 wire for Main No. 2, and con- 
sidering both resistance and reactance drop. 


Prob. 2-8. What will be the voltage across the farthest lamp of 
Group A in the above example. 


Prob. 3-8. Using Fig. 158 as a basis, but changing the dimen- 
sions to the following, determine the size of the feeders and mains 
to meet requirements of Fire Underwriters, and check for voltage 
drop to farthest lamp in Panel B. 


Voltage st feeder switch .2.. Ase. .1s.seuns 115 volts 
Length of feeder, to Main No. 1 tap ........ 38 ft 
Lengthio! MaimiNos lize. cone ee eee 45 ft 
Length Gf Mair No:2 fay) See ae 15 St 


Panel B has six 660-watt branches. 

Panel A has eight 660-watt branches. 

Load of unity power factor. 

Cleat construction, 2.5 inches between centers. 


Prob. 4-8. Check the voltage drop to farthest lamp in Panel A, 
for the system of Prob. 3 when installed with the wire sizes deter- 
mined in Prob. 3. 


Prob. 5-8. If the number of branches on Panel B of Prob. 3 
were doubled, determine the wire sizes to be used and check voltage 
to farthest lamps. 
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75. Three-wire Single-phase System. ‘‘Code” Wire 
Size. When motors are run on the same line with lamps a 
double advantage over a two-wire system is gained by using 
three wires. The current necessary to operate a given 
number of lamps is only half what it is on a two-wire system; 
and there is available for the larger motors a voltage which 
is double that of the lamp voltage, thus halving the current 
necessary for a given horse-power load. The following 
example serves to illustrate these advantages. 


Example 2. In the wiring layout of Fig. 160, each of the 
eight lamp branches is to be wired to carry the maximum 
660 watts. Each panel has two small-motor circuits, for 
fans, vacuum cleaners, etc., at an average lagging power 
factor of 60 per cent. Each of these circuits is to be wired 
to carry the maximum 660 volt-amperes. In addition Panel 
A has a 3-horsepower 220-volt motor of 81 per cent lagging 
power factor and Panel B, a 220-volt 2-horsepower motor of 
79 per cent lagging power factor. 

1. Calculate sizes of wire needed for each part, of the 
system with all loads on full. 

2. Calculate the voltage of farthest lamp under ordinary 
running conditions. 


Main No. 1. When a three-wire single-phase system is 
properly installed, the loads are so distributed and balanced 
that, under full-load conditions, no current flows in the neu- 
tral wire, regardless of what the power factor of the loads 
may be. It is necessary, therefore, to find the current in the 
outside wires only. 

Since the main-switch voltage is 115 — 230 volts, lamps 


; 113 
and small motors must be supplied to run Ons og? OF 109.5 
volts. This will require 110-volt lamps. The large motors 


must be rated ato = 219 volts, or 220 volts practically. 
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Panel A. Each outside wire to Panel A feeds two lamp 
branches of 660 watts each. Each outside wire, therefore, 


Main2 —— 


Main 2 


~ 

oes 
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Itq. 160. Three-wire single-phase system for distribution in a build- 
ing. Note the two-wire branches balanced on the three-wire mains 
at the cut-out panels A, B. Small single-phase motors are on sepa- 
rate branches connected to the outer mains; large motors would have 
separate mains and feeder. Fan motors, M, taking less than 660 
volt-amperes are plugged into outlets on ordinary branches. 


carries practically 6 amperes to each lamp branch or 12 
amperes to the two. This current is at unity power factor. 
Kach outside wire also carries 660 volt-amperes or 6 
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amperes to a small-motor branch. This current has prob- 
ably a 60 per cent power factor lagging. 

In addition each outside wire carries current to a 3-hp 
220-volt motor. By Table VI (Appendix), we see that a 
3-hp 220-volt two-phase induction motor takes 8.0 amperes 
at fullload. A 3-hp 220-volt single-phase motor would take 
double this current per wire, since all the current must be 
brought to the motor by one circuit instead of by two cir- 
cuits. The current per motor lead would, therefore, be 16.0 
amperes. In order to allow for short-time overloads, and 
also to provide a reasonable amount of additional current- 
carrying capacity, it is customary, for a single motor, to 
consider its normal load equal to 1} times full load. Thus 
‘the above motor would be considered to draw 14 x 16, or 20 
amperes, and from Table VII it is found that No. 10 wire is 
required.* This current has probably a power factor of 81 
per cent lagging (see Table VIII, Appendix). 

We thus have flowing in the outside wires of Main No. 1, 
a lamp current of 12 amperes, unity power factor, a motor 
current of 6 amperes, 60 per cent power factor, and a motor 
current of 20 amperes, 81 per cent power factor. 

The resulting current in Main No. 1 may be found as fol- 
lows: 


Active Reactive com- 
Indi- Reactive factor = | Component | ponent= Indi- 


2 Power yf 
Appliances. cated Aisa orearey rel he Indicated) cated current 
te 1—Power factor? | current x | x Reactive 


Power factor factor 


aire: factor. 


* The factor 11 thus used is called the “‘ demand factor ” of a single 
motor. See paragraph 76. 
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The vector diagram representing this current condition 
of Main No. 1 is shown in Fig. 161, from which the following 
equation can be taken to solve for the line current. 

Total line current in Main No. 1 =.V31.8? + 16.6? 
= V1011 + 276 
= 35.9 amp. 


11.8 


4.8 


12 amp, 3.6 16.2 amp. B 


Fra. 161, Vector sum of all currents flowing from Main No. 1 to 
branches at A, Fig. 160, is AC amperes. 


This, according to Table II, requires No. 6 wire for the 
outside wires of Main No. 1. It is necessary to make the 
neutral wire the same size as the outer wires unless the cur- 
rent in each outer wire exceeds 200 amperes. This enables 
one side of the system to be kept in operation even though the 
other side is opened by some mishap. Thus Main No. 1 
would consist of three No. 6 wires. 

Main No. 2. As in Main No. 1, each of the outside wires 
of Main No. 2 must carry 12 amperes at unity power factor 
to supply two lamp branches of 660 watts each, and 6 amperes 
at 60 per cent power factor to supply one branch of 660 volt- 
amperes for fractional horse-power motors or appliances. 

In addition Main No. 2 must supply a 220-volt 2-hp 
induction motor of 79 per cent power factor (Table VIII). 
According to Table VI a two-phase 220-volt 2-hp motor re- 
quires 5 amperes at full load. A single-phase motor of same 
horsepower would require 2 X 5, or 10 amperes. The motor 
leads must be heavy enough to carry 1+ X 10, or 12.5 am- 
peres to allow for possible continued overload, and, therefore, 
must be of No. 12 wire according to Table VII. 
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Mains No. 2 must, therefore, carry: 


Lamp current........ 12 amperes at unity power factor. 
Small-motor current ..6 amperes at 60 per cent power 
factor. 

Large-motor current. .12.5 amperes at 79 per cent power 
factor. 


‘The resulting current in Main No. 2 may be found as 
follows: 


: Active Reactive oe 
Indi- : — | component. | ponent=Indi- 
Appliances. cated bs oiled ee = Indicated| cated current 
current.| '2°tor-| V 1—Power factor?| current x x Reactive 
Power factor factor 


am: 
0. 
4. 


p 
0 
8 
8 


Large motor... 


Line current 25. 12.6 


Fic. 162. Vector sum of all currents flowing from Main No. 2 to 
branches at B, Fig. 160, is AC amperes. 


From Fig. 162, representing the above active and reactive 
components of the line-current, we may write the equation: 


Line-current in Main No. 2 = V25.5? + 12.6? 
V650 + 158.8 
= 28.4 amp. 


ll 


The three wires of Main No. 2, according to Table II, 
should be size No. 8. 
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Feeders. The feeders must carry the current necessary 
to supply the appliances connected to both Panel A ana 
Panel B. 

Panel A requires 31.8 amperes (active) and 16.6 amperes 
(reactive). 

Panel B requires 25.5 amperes (active) and 12.6 amperes 
(reactive). 

Active current in feeders = 31.8 + 25.5 = 57.3 amperes. 

Reactive current in feeders = 16.6 + 12.6 = 29.2 amperes. 

From Fig. 163, we can see that the feeder current can be_ 
obtained by the equation: 


Total current in feeders = V57.32 + 29.2? 
= V 3283 + 853 
= 64.3 amp. 


According to Table II, the three wires of the feeder must 
be No. 4 gauge. 


31.8 amp. D 25.5 amp. B 


Fie. 163. Vector sum of all currents flowing from feeder to mains of 
Fig. 160 is represented by AC, equal to 64.3 amperes. 


Thus the outside wires of the feeder in this case must carry 
not more than 64.3 amperes which, according to Table II, 
would require the (rubber-covered) conductors to be of No. 4 
gauge. This presumes, however, that every motor will be 
running at the same time, with all lamps burning, a most 
improbable state of affairs. However, as the load is much 
more likely to increase than to diminish in the course of time, 
it is the practice of many engineers not to load any branch 
circuit initially to more than about 80 per cent or 90 per cent 
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of its permitted capacity (660 volt-amperes), and not to 
make any feeder or main of smaller capacity than the sum 
of the maximum capacities of all branches connected to it. 
In view of usual experience with wiring systems, it is con- 
sidered that the cost of excess investment in copper, which 
for a while may not be used to its full capacity, is less than 
the probable cost of changing the size of copper as the load 
grows. 

76. Voltage Drop to Farthest Lamp Due to Resistance. 
Consider a lamp on branch from Panel B. 

Drop due to resistance of branch wires. Inasmuch as we 
do not know the length of the branch from Panel B, we will 
assume that we have the maximum branch drop allowed in 
Table V, for a 110-volt branch, or 1.65 volts. It is then 
necessary to limit the length of a branch, assumed to carry 
the maximum allowable current of 6 amperes, to such value 
as will consume this voltage. 

Drop due to resistance of Main No. 2. The length of Main 
No. 2 is 70 + 50, or 120 ft. There are thus 2 X 120, or 
240 ft of No. 8 wire in the outer wires. 

Resistance of 1000 ft of No. 8 copper wire (Table III) = 
0.6271 ohm. 

Resistance of 240 ft of No. 8 copper wire = 74% of 
0.6271 = 0.1505 ohm. 

Demand factor. In calculating what carrying capacity a 
wire must have, it is good practice to use the full-load* cur- 
rents of all the motors, assuming them all to be running at 
the same time. But in computing the voltage drop on the 
line, we wish to know what this drop will be under usual 
running conditions. Since it is not the usual condition to 
have all the motors running at full load at the same time, 
we need not use all of the full-load currents of all the motors 


* When a few large motors are installed in combination with small 
motors or lamps it is good practice to use 17 full-load current for the 


large motors. 
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attached to the line. We accordingly use only that fraction 
of the arithmetical sum of full-load currents which it has 
been found in general practice is the fraction of the full-load 
currents usually flowing in the line. This fraction, which 
the usual line-current is of the sum total of full-load 
currents, is called the ‘‘ demand factor” of the line, and 
can be found tabulated for various combinations of motors 
in Table [IX of the Appendix. Note that the more motors 
there are on the line, the less likelihood there is of their all 
running at full-load and consequently the lower the demand 
factor. 

Assume that there are five small motors to each branch. 

Full-load current for small motor branch = 6 amperes. 

Average demand factor for 5 motors = 0.65 (Table IX). 

Usual small-motor current = 0.65 X 6 = 3.90 amperes. 

Power factor for small motors = 0.60. 

Reactive factor (Paragraph 75) = 0.80. 

Usual active current (small motors) = 0:60 X 3.90 = 
2.34 amperes. 

Usual reactive current (small motors) = 0.80 X 3.9 = 
3.12 amperes. 

We have already considered the demand factor in calcu- 
lating the maximum current of the 2-hp motor attached to 
Panel B, which was found to consist of 9.9 amperes active cur- 
rent and 7.8 amperes reactive current. 

We are now able to compute the total usual current in 
Main No. 2, as follows: 


Active compo- | Reactive com- 


nent ponent 


amp amp 
Latins) aa Ane ces Rae eee ee eee: 12 0 
hoyaateWl WaYoW ores Geen Meaty yauee Satta Seales 2.3 ay ih 
Large motors Aaya es. Beenie See. 9.9 7.8 

Totaling ain NO. 2 a ae ee 24.2 9 
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From Fig. 164 we find: 


Resultant usual current in Main No. 2 = V24.2? + 10.92 
= 26.6 amperes. 
Resistance drop in Main No. 2 = 26.6 X 0.1505 = 4.00 
volts. 


Drop in feeders due to resistance. 

Length of outer feeder wire = 2 X 90 = 180 ft. 

Resistance of 180 ft of No. 4 copper wire = 4480; & 0.248 
= 0.04464 ohm. 


Fic. 164. Usual current in Main 2, less than maximum, on account 
of demand factor. Compare Fig. 162. 


The usual total current in feeder is the vector sum of the 
usual total currents in Main No. 1 and Main No. 2. 


Active compo- | Reactive com- 
ponent 


Usual current for Main No. 2 
Usual current for Main No. 1 


Small motors (same as for Panel B).. 
Large motor (Paragraph 75) 


Total components usual current in feeder 


Total usual current in feeder (from Fig. 165) 
= V5A4.7? + 25.8? 
= 60.5 amperes. 


Drop in feeders due to resistance = 60.5 X 0.04464 
= 2.70 volts. 
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The total resistance drop out to the farthest lamp equals 


Resistance drop in branch ....... 3.3 volts 
Resistance drop in Main No.2.... 4.0 “ 
Resistance drop in feeder......... Pea ie ey 
Total resistance drop ...... 10.0 volts 
Cc 


oP: 
05% 
det corto y 
ede 


10.9 3.1 118 


A 


24.2 amp. 12 2.3 16.2 B 


Fig. 165. Usual current in feeder is less than maximum, on account 
of demand factor. Compare Fig. 163. 


77. Total Pressure Drop to Farthest Lamps. The total 
drop in pressure at the farthest lamps is the combined drop 
in branch, main, and feeder due to both the resistance and the 
reactance of the line. Of this, the reactance drop of the 
branch is usually negligible, due to the small current and 
comparatively short length of wire. 

Reactance drop of Main No. 2. Assuming the outer wires 
to be installed 6 in. apart, the 60-cycle reactance of the 
240 ft of No. 8 wire can be found by reference to Table IV. 


Reactance of 1000 ft of No. 8 spaced 6 in. = 0.1103 ohm. 
Reactance of 240 ft = 4% of 0.1103 = 0.02647 ohm. 
Reactance drop in Main No. 2 = 26.6 X 0.02647 

= 0.70 volt. 
Reactance drop of feeders. The reactance drop of the 


180 ft of No. 4 wire in the feeders carrying 60.5 amperes is 
found in the same way. 


Reactance of 1000 ft of No. 4 stranded wire spaced 6 in. 


= 0.0963 ohm (Table IV). 
Reactance of 180 ft = 744% X 0.0963 = 0.01733 ohm. 
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Reactance drop in feeders = 60.5 X 0.01733 
1.048 volts 
Total reactance drop out to farthest lamp equals 
Reactance drop in Main No. 2 =.0.70 
Reactance drop in feeders = 1.05 
Total reactance drop = 1.75 volts. 


ll 


Combined resistance and reactance drop. The resistance 
‘drop to the farthest lamps was found to be about 10.0 volts, 
and the reactance drop 1.75 volts. The resistance drop is 
made up of 3.3 volts drop in the branch and 6.7 volts in the 
main and feeder. But since in a three-wire single-phase 
system the drop along the outer wires of the main and feeder 
is distributed across the lamps on both sides of the circuit, 
only half of the main and feeder drop affect any one 110-volt 
lamp. Thus the resistance drop along main and feeder for 


each lamp equals =" or 3.35 volts. The resistance drop in 


the branch wires was found to be 1.65 volts which affects each 
lamp. Thus, total resistance drop to each lamp equals 3.35 


+ 1.65 = 5.0 volts. The reactance drop equals ee or 


2 
0.88 volts. 

Check on percentage line drop. It is now necessary to 
find how the actual voltage at the lamps will be affected by 
this 5.0 volt resistance drop and 0.88-volt reactance drop in 
the line. As we have seen, the easiest method is to assume 
that the lamps have the 109.5 volts computed on page 235 
from Table V and to compute what feeder switch voltage 
must be maintained to produce this voltage. If the feeder 
switch voltage required does not exceed the given 115 volts, 
the line drop is not excessive. 

The power factor of the current delivered to Panel B can 
be found from the usual indicated current 26.6 amperes, 
active component 24.2 amperes, and lagging reactive com- 
ponent 10.9 amperes, as calculated in Par. 76. 
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Active component 
Indicated current 
_ 24.2 

#3265 

= 91.0 per cent. 


Power factor = 


Reactive component 
Indicated current 

e108 

1266 

= 41.0 per cent. 


Reactive factor = 


The angle of lag corresponding to these power and reactive 
factors as given in Table I is approximately 25°. 

Construct Fig. 166 as follows: 

Draw AX of indefinite length to represent the direction of 
the vector of the current and the active component of voltage 
at Panel B. 

Draw vector AC to represent the least permissible indicated 
voltage at the farthest lamps, namely 109.5. 


A 


B D xX 
Vie. 166. Finding the voltage (AF) required at one end of a line, in 
order to deliver voltage AC at the other end. 


Since the power factor is lagging, the active component 
of voltage must lag 25° behind the indicated voltage. Thus 
vector AC representing the indicated voltage should lead the 
active component line by 25°. The main switch voltage 
must equal the vector sum of this lamp voltage of 109.5, 
the resistance line drop of 5.0 volts and the reactance line 
drop of 0.88 volt. 
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Add the resistance line drop of 5.0 volts to the lamp volt- 
age of 109.5, by drawing the vector CH. This must be drawn 
in the same direction as AX since this drop is in phase 
with the current. ; 

Add the reactance line drop of 0.88 volt by drawing the 
vector HF. This must be drawn leading upward at 90° to 
the direction of AX, since the voltage to overcome reactance 
must lead the current by 90°. Both vector CE and vector 
EF are drawn much longer than they really are, in order to 
make the diagram clear. This does not affect the computa- 
tion, however. 

The vector AF now represents the vector sum of the lamp 
voltage 109.5, the resistance line drop 5.0 and the reactance 
line drop 0.88, and is, therefore, the voltage which the main 
switch must deliver in order to maintain a full-load voltage 
of 109.5 at the lamps. 

The value of AF can be found as follows: 

Draw dotted lines CB and ED, perpendicular to AX. 


Alem VAT? -+- DP? 
AD = AB + BD. 


AB = 109.5 X power factor 
= 109.5 « 0.91 
= 99.65 volts. 

BD = CE = 5.0 

AD = 99.65 + 5.0 
= 104.65. 


DF = DE + EF. 
DE = CB = 109.5 X reactive factor 


= 109.5 X 0.41 
= 44.9. 

EF = 0.88. 

DF = 44.9 + 0.88 
= 45.78. 


AF = V 104.65? + 45.78? 
114.3 volts. 
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The main switch voltage must, therefore, be 114.3 volts 
in order to overcome the line reactance and line resistance 
and still leave 109.5 volts at the lamps. As we have 115 
volts at the main switch, the sizes of wires planned are 
sufficiently large to insure satisfactory service. 


Prob. 6-8. Calculate the voltage drop to the farthest lamp in 
Example 2 with the lamps only from both panels turned on. 


Prob. 7-8. If, in Fig. 158, a balanced three-wire single-phase 
system were used in which all three wires are of the same size, how 
many pounds of copper wire would be saved? The weight. per 
thousand feet of copper wire can be found in Table III. 

This problem demonstrates the advantage of using a three-wire 
single-phase system instead of the two-wire layout, even for a lamp 
load only. 


Prob. 8-8. - Check the line drop to the lamps wired from Panel A 
in Fig. 160. : 

Prob. 9-8. Calculate the size of wire to be used for feeders and 
mains in a system like Fig. 160, except that Panels B and A are 
interchanged. 

Prob. 10-8. Calculate Example 2 for a 25-cycle line. 


Prob. 11-8. What size branch wires should be run to a 5-horse- 
power single-phase 440-volt induction motor? Assume a demand 
factor of 1.25. 


Prob. 12-8. How many 1-horsepower 110-volt single-phase 
induction motors can be fed by a No. 6 conductor? Assume a 
demand factor of 1.25. 


Prob. 13-8. Compute the line drop (including reactance and 
resistance) in the branch wires of Prob. 8-8, if the distance to the 
main is 150 ft. 


78. Two-phase Circuits. Size of Wire. In calculating 
the size of wire to be used in a two-phase four-wire system, 
treat_ each phase as a single-phase system carrying one-half 
the power delivered to the two-phase appliances. 


Prob. 14-8. Calculate the size of wire for feeder, mains and 
branches of the same length as in Fig. 158 if the panels were each 
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fed by a four-wire two-phase 110-volt system. Total load as in 
Example 1. 


Prob. 15-8. Calculate the size of wire for feeders, mains and 
branches of Fig. 160 if each of the two panels is fed by a four-wire 
two-phase system. Use loads and distances of Fig. 160 and Exam- 
ple 2. Lamps and motors 110 volts. 


Prob. 16-8. Calculate wire sizes for system of Prob. 14, using 
25 cycles instead of 60 cycles. 


79. Size of Wire for Three-phase Three-wire Systems. 
Since polyphase induction motors are self-starting, polyphase 
systems are desirable, where many motors or large motors 
are to be operated. The most economical polyphase system 
in the matter of wiring and in generator and motor equip- 
ment is the three-wire three-phase. 

Example 3. Size of Main No. 2. Consider the lay- 
out in Fig. 167. The wire sizes are determined as before, 
by computing the amount of current each part of the circuit 
has to carry. The lamp load on Main No. 2 is balanced and 
consists of three branches, each wired to carry 660 watts. 
With main-switch voltage 115, lamps must be used of ge nor 
109.5 volts. The nearest standard lamp has the 110-volt 
rating. At 110 volts 6 amperes are used per branch. The 
lamp current in each Main No. 2 would, therefore, be 1.73 < 
6, or 10.4 amperes. 

The two motors are three-phase motors and each is sup- 
posed to take a balanced load from the three phases. 


The 1-hp motor may take 6.6 (full-load) amperes (Table 
V1), or 14 X 6.6 = 8.25 amperes possible running cur- 
rent, at 70 per cent power factor. (Table VIII). 

The 2-hp motor may take 12.0 (full-load) amperes, or 
11 X 12.0 = 15.0 amperes possible running current, at 
79 per cent power factor. 


Each wire of Main No, 2 must, therefore, carry the com- 
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bination of 10.4 amperes at unity power factor, 8.25 amperes 
at 70 per cent power factor, and 15.0 amperes at 79 per cent 


power factor. 


Main 2 


Te Eamps 22 | =~ 12 
: : aah 
Ge] 
= 
Jee | ME a 
Main 1 
| 
nine O | | LO O® 
eo 
| | 
314 
B 


usv. 3S 
115 V, 

Fic. 167. Three-phase distributing system. Fuses or cut-outs are 
not shown, but should be inserted in a smaller wire wherever it 
joins a larger one. Often the motor system is entirely separate from 
the lighting system. 


This current can be resolved into its power and reactive 
components as follows: 


Appliances current factor factor | component | component 
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Running| Power | Reactive Power Reactive 


amp amp amp 

One 1-hp motor...... 8.25| 0.70 | 0.714 Daun 5.89 
One 2-hp motor...... 15.0 | 0°79 | 0.613 | 11.85 9.20 
coe DLE ee 1.00 10.4 0.00 


Pee NE ONS. ey CHOKES FEROS 28.02 


15.09 


The current in Main No. 2 thus consists of a power com- 
ponent of 28.02 amperes and a reactive component of 15.09 
amperes. 

To determine resulting current, construct Fig. 168. 


Fie. 168. 


A 10.4 D 17.62 B 


15,09 


Cc 
Vector AC represents the current in Main No. 2. AD 


represents current of lamps; DB, power current of motor; BC, 
reactive current of motors. 


AD = 
DB = 
BC = 
AC 


Power factor of Main No. 2 = 


10.4 amperes power current of lamps. 
17.62 amperes power current of motors. 
15.09 amperes reactive current of motors. 
resulting current in Main No. 2 

VAB’ + BO’ 

V28.02? + 15.09? 

31.8 amperes. 


28.02 


318 ~ 88 per cent. 


Angle of lag = 28° (approx. ). 

To carry 31.8 amperes, No. 8 wire should be installed for 
Main No. 2. By Table VII, the leads to the 1-hp motor 
should be No. 14, and to the 2-hp motor, No. 12. 
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Size of Main No. 1. The lamp current in each conductor 
of Main No. 1 will be the same as in each of Main No. 2; 
namely, 10.4 amperes, according to Fig. 167. 

The maximum running loads of induction motors may 
equal 12 times the full load for a considerable length of time. 


Running Reac- | Power Reac- 
Full-load current=1;| Power | “4; _| tive 
oe current ae factor etd Pane sae 
amp amp amp amp 
Two 1-hp...|2 X 6.6 =13.2} 16.5 0.70 |0.714|11.54)}11.78 
One 2-hp.... 12.0) 15.0 0.79 |0.613}11.85] 9.20 
One 3-hp.... 18.0) 22.5 0.81 | 0.587 | 18.22 | 13.20 
Total motor current (components)................ 41.61] 34.18 


The total current in Main No. 1 is, therefore, made up of 
the 10.4 amperes power current of lamps, 41.61 amperes 
power component of the motors, and 34.18 reactive compo- 
nents of the motors. 


A 10.4 D 41.61 B 


34.18 


C 
Fre. 169. Vector AC represents the resultant current flowing in Main 
No. 1. Itis made up of the lamp current AD, the motor power com- 
ponent, DB, and the motor reactive component, BC. 


Combine these components as in Fig. 169. 


AD = 10.4 amperes power current of lamps. 
DB = 41.61 amperes power component of motors. 
BC = 384.18 amperes reactive component of motors. 
AC = combined current of lamps and motors 
~VAB + BC 
= V 52.01? + 34.18? 
= 62.2 amperes in Main No. 1. 


l| 
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52.01 
Power factor = $2.27 83.6 per cent. 


Angle of lag = 33° (approximately). 


Each wire of Main No. 1 must be of No. 4 gauge in order to 
carry 62.2 amperes. By Table VII 
leads to the 3-hp motor must be 
No. 10. 

Size of feeders. The current in 
the feeders is found by adding the 
power components of the currents in 
Mains No. 1 and No. 2, adding the 
reactive components of Mains No. 1 
and No. 2 and taking the square 


34,18 amp. 


15.09 


root of the sum of the squares of *° asm > mam. 8 
these values. Fig. 170 represents the Fra. 170. Total current 
addition. AC, in feeder of Fig. 167: 


combination of AC, Fig. 


ower nents) = 
AB (sum of p components ) 168, and AC, Fig. 169. 


28.02 + 52.01 = 80.03 amperes. 
BC (sum of reactive components) = 15.09 + 34.18 = 49.27. 


AC = VAB? + BC? 
= V 80.03? + 49.27? 


= 93.9 amperes. 


To carry this current a No. 1 conductor will be required 
(Table IT). 

80. Resistance Voltage Drop in Three-phase Systems. 

Drop in branch. The lengths of the lamp branches being 
various and unknown, we will assume a drop of 1.65 volts, the 
maximum allowable for a 110-volt 660-watt branch. (Table 
VV: 

ee in Main No. 2. Current taken from each line wire 
by balanced lamp load = 1.73 K 6 amperes = 10.38 amperes 
at unity power factor. 
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The usual motor current is found as follows: 


Rotor, | PUiend. |; Reactive tanton = Thea | poneaon | como 

“ae factor! 1 — Power factor? | Table VI. current. | current. 
amp amp amp 

1-hp....| 0.70 0.714 6.6 4.62 4.72 
PENN cice.all Weis, 0.613 12.0 9.48 | 7.36 
Total motor components ................... 14.10 12.08 


Total active component of current in Main No. 2 consists _ 
of 14.10 motor current and 10.38 amperes lamp current, or 
14.10 + 10.388 = 24.48 amperes. 


Reactive component 12.08 amperes. 
V 24.487 + 12.08? 


= 27.3 amperes. 


Total line current in Main No. 2 


The resistance of one wire of Main No. 2 consisting of 110 
ft of No. 8 copper wire equals ;44°% X 0.6271 = 0.06898 ohm. 
Usual resistance drop along one wire equals 


27.3 X 0.06898 = 1.88 volts. 


Drop in feeders. The current taken from Main No. 1 by 
the balanced lamp load equals 1.73 & 6 = 10.38 amperes. 
The usual current taken by the motors can be found as 
follows: 
% Motors. | 
Full-load Full-load Full-load | Full-load | Full-load 


————|power factor ue Ee current, active | reactive 
INGuliSirel Table VIII.|V1—Power factor? Table VI. component|component, 


amp amp amp 
2 il 0.70 0.714 2X6.6=13.2| 9.24 9.42 
1 2 0.79 0.613 12.0) 9.48 7.36 
1 3 0.81 0.587 18.0} 14.58 | 10.55 


Full-load components of currents............. 33.30 | 27.33 
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Demand factor for four motors = 70 per cent (Table IX). 
Usual active component of motor current = 0.70 * 33.30 
= 23.31 amp. 
Usual reactive component of motor current = 0.70 X 27.33 
= 19.13 amp. 


Usual active components for total current in Main No. 1 
consists of 10.38 amperes for lamps and 23.31 amperes for 
motors, or 10.38 + 23.31 = 33.69 amperes. 

Components of usual current in feeder: 


Reactive. 


amp amp 
33.69 19.138 
24.48 12.08 


58.17 31.21 


Total current in feeder = V58.172 + 31.21? 
= 65.6 amperes. 


The resistance of each conductor of feeder is the resistance 
of 80 ft of No. 1 copper wire or 73> X 0.1237 = 0.009896 
ohm. 

The resistance drop in each feeder conductor equals 65.6 X 
0.009896, or 0.65 volt. 

Total resistance drop to lamps fed through Panel B: 


Resistance drop in both conductors of branch 
= 1.65 volts. 
Resistance drop in one conductor of Main 
No. 2 = 1.88 volts. 
Resistance drop in one conductor of feeder = 0.65 volt. 
Total resistance drop per leg = 4,18 volts, 


81. Equivalent Distance in Wire Spacing. The three 
wires of a three-wire system usually are not equidistant from 
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each other; with open wiring there may be two and one-half 
inches between the neutral wire and either of the two outside 
wires, and five inches between the two outside wires. Before 
we may find the reactance from Table IV, it is therefore 
necessary to find the “‘ equivalent distance’ between the 
wires. This is done by means of the equation: 


Equivalent distance = V product of the three distances 
aziV 20 OX) 210, oD 
= 3.15 inches. 


The equivalent distances for the usual spacings will be | 
found in Table X of the Appendix. The reactances for 
exactly these equivalent distances are not given in Table IV 
but may be obtained approximately from that table. 

82. Reactance Drop in Three-phase Systems. 

Reactance drop in Main No. 2. Reactance of 110 ft of 
No. 8 wire with the equivalent spacing of 3.15 in. = 744% 
< 0.095 = 0.0105 ohm. 

Reactance drop in one wire of Main No. 2 


==) OL Oop ure tees 
= 0.287 volt. 


Reactance drop in feeder. Reactance of 80 ft of No. 1 
stranded wire with equivalent spacing of 3.15 in. = 78985 X 
0.0735 = 0.00588 ohm. 


Reactance drop of one wire of feeder = 65.6 X 0.00588 

= 0.386 volt. 
Total reactance drop = 0.287 + 0.386 = 0.673 volt. 
Total resistance drop = 4.18 volts (page 255). 


We have assumed the drop in the branch to be maximum and 
to be due entirely to resistance. 

83. Percentage of Line Drop. Voltage to Neutral. In 
the above example, it will be noted that we have computed 
the resistance drop and the reactance drop of one conductor 
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only. It is not convenient to use the drop along two con- 
ductors because each conductor acts either as the line or the 
return for the current in two phases. In order to find what 
percentage the line drop is of the voltage across the switch, 
we have heretofore compared the drop along two conductors 
(line and return) with the usual or full-load voltage between 
the same two conductors. Obviously it is not proper in 
determining the percentage line drop in a three-wire three- 
phase system to compare the voltage drop along one conduc- 
tor with the voltage between two conductors. 

It is, therefore, customary to use as a standard not the 
voltage between two conductors, but the voltage between 
one conductor and the neutral 
point of the load. 

If the load is star-connected, 
we have a definite point as 
the neutral and can actually 
measure the voltage between a 
conductor and the neutral. A 
Thus, in Fig. 171 when we have Fra. 171. “ Neutral point ” of 
three lamps star-connected to aN pay line nate if irae 

-. ir ree- has sys- ’ ’ are exactly alike. 
fom, each lamp is connected Them wltege AN = BY = 
, : CN =0.577 times line voltage. 
between the neutral point N 
and one of the three line wires A, B or C. As the voltage 
between any two of the line wires is 115 volts, the voltage 
across any one of the lamps must be the voltage from a line 


wire to the neutral or as = 66.4 volts. Thus the voltage 


across lamp 1 is 66.4 volts and across lamp 2 is 66.4 volts, 
although the two lamps are in series between the mains A 
and B. It will be remembered that the reason why the 
voltage between A and B does not have to equal the arith- 
metical sum of 66.4 + 66.4 volts, is because the two voltages 
are not in phase, but at an angle of 60° with each other. 
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Therefore, the resultant of the voltage across the two lamps 
equals 66.4 X 1.73, or 115 volts. In finding the percentage 
line drop out to any one of these lamps we must compare 
the drop in volts with the voltage to neutral, that is, the 
66.4 volts across the lamp. 
But most lamp loads, as in 
Example III, are delta-con- 
nected, and the voltage across 
each lamp is the voltage be- 
tween two line wires, as the 
115 volts in Fig. 172. But as” 
Fig. 172. With delta-connected we cannot compare the drop 
load, neutral point is imaginary, jy one line wire due to two 
but same voltage relations hold ‘ 
sain Wes 171: phases with the voltage be- 
tween wires which constitute 
one phase, we, even in the case of a delta-connected load, use 
the voltage to an imaginary neutral point. In the case of Fig. 
172, we would find the voltage drop along one wire, and, as in 
ne A 
1s 


Fig. 171, compare this drop with the voltage to neutral 


or 66.4 volts. 

Thus in Example III, with a switch voltage of 115 volts, the 
voltage to neutral would be 66.4 volts. Since the maximum 
allowable drop along one line is 5 per cent, the voltage to 
neutral at lamps must be at least se = 63.2 volts. 

The percentage line drop to the farthest lamp can now be 
found as in paragraph 77. The power factor and reactive 
factor of current delivered to Panel B are found from the 
following data of paragraph 80, page 254. 


Indicated line-current = 27.3 amperes. 
Active component = 24.48 amperes. 
Reactive component = 12.08 amperes. 
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Active component 
Indicated current 
_ 24.48 

5 O78, 

89.7 per cent. 


Power factor = 


Il 


Reactive component 
Indicated current 

_ 12.08 

eo 

= 44.3 per cent. 


Reactive factor = 


These factors correspond to an angle of practically 26° 
(Table I). Construct Fig. 173, similar to Fig. 166. 


X 

Fic. 173. Finding the voltage (AF) required at one end of a line in 
order to deliver voltage AC at the other end. Compare Fig. 166 for 
single-phase line. 


Draw AX of indefinite length to represent the direction of 
the active component of voltage-to-neutral at the lamps, or 
the direction of the vector for current in a line wire. 

Draw vector AC to represent the voltage-to-neutral of 
63.2 volts at the lamps, leading the active component of 
voltage-to-neutral by 26°. 

Draw vector CE to represent the 4.18 volts drop (page 255) 
due to the resistance of one line wire. This vector is drawn in 
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the same direction as the active component of voltage-to-neu- 
tral, because the drop is in phase with the active component 
of voltage-to-neutral, or in phase with current in the line 
wire. 

Draw vector EF to represent the 0.673-volt drop (page 256) 
due to the reactance of the line. This vector should be drawn 
leading the active component of voltage, or the line current, 
by 90° because the drop due to reactance leads the line-cur- 
rent by 90°. 

The voltage-to-neutral at the switch must equal the vector 
sum of the voltage-to-neutral at the lamps, the line resistance ~ 
drop in one wire and the line reactance drop in one wire. 
This vector sum is represented by the vector AF, the value 
of which may be found as follows: 


AF = VAD? + DF?. 
AD = AB + BD. 


AB = 63.2 X power factor 
= 63.2 X 0.897 
= 56.7. 


BD = CE = 4.18. 
AD = 56.7 + 4.18 


= 60.88. 
DF = DE + EF. 
DE = 63.2 X reactive factor 
=a (ays S< Os 
— tet) 
EF = 0:673. 
DF = 28.0 + 0.673 
Sa UGE. 


AF = V60.882 + 28.672 
= 6725) VOlise 
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The voltage-to-neutral at the main switch must, therefore, 
be 67.3 volts in order to have not more than 5 per cent line 
drop.* 

Since the voltage to neutral at the switch ee , or only 
66.4 volts, the sizes chosen for the feeders and for Main 
No. 2 may not give quite satisfactory service. Main No. 2 
should be increased to No. 6 B & S. 

It is generally the case when motors form a part of the load 
that the sizes calculated to carry safely the running loads, do 
not cause excessive line drops for the usual loads on the 
circuits. 


Prob. 17-8. Calculate the per cent line drop to the farthest lamp 
in Example 3, using No. 6 wire for Main No. 2. 

Prob. 18-8. What is the voltage drop to the lamps on Panel A in 
Example 3? 

Prob. 19-8. If in Fig. 167 an additional 10-horsepower motor is 
connected to panel B and a 5-horsepower motor is connected at 
panel A, what size conductors will be required for branches, mains, 
and feeders? Assume each motor to be on a separate branch. 

Prob. 20-8. What will be the per cent line drop to the farthest 
lamp in Prob. 19? 


84. Skin Effect of Large Conductors. When conductors 
of 300,000 circular mils, or larger, are run, it is found that the 
resistance to the flow of an alternating current is somewhat 
greater than that given in Table III. This increase in 
resistance is produced by the crowding of the current to the 
outer part or ‘‘ skin ” of the conductor and has the effect of 
actually decreasing the conductor area through which the 
current passes, producing a corresponding apparent increase 

* For highest accuracy, we should take into account that the current 
in feeder is not exactly in phase with current in Main No. 1 and Main 
No. 2, or that the angle is not 26° as in Fig. 173 for all parts of the 


system, which fact has been neglected here. No error of practical 
importance results, and the work is much simplified. 
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in resistance. The effect increases with the frequency of 
the alternations, and results in a slightly greater voltage drop 
in the conductor. The amount of this drop may be deter- 
mined from any good electrical handbook. 


SUMMARY OF CHAPTER VIII 


The SIZE OF WIRE that should be used in each part of a 
distributing system is usually determined, for interior wiring 
and relatively short distances, by two considerations only: 
HEATING OF THE WIRE on account of its resistance, and RE- 
DUCTION OF VOLTAGE due to the impedance of the wire. 

Heating the wire beyond a certain temperature damages the 
insulation on it, tending to produce short-circuits and grounds 
with attendant risk of fires. Insurance cannot be had against 
damage from fire unless the current in each size of conductor is 
automatically limited to a certain value by means of a cut-out 
(fuse or circuit breaker) in series with that conductor. -These 
values are specified in a table of ‘‘ ALLOWABLE CARRYING 
CAPACITIES OF WIRES ”’ to be found in the ‘‘ NATIONAL ELEC- 
TRICAL CODE ”’ prescribed by the fire insurance companies. 

Reduction of voltage, due to impedance of the conductor, 
causes flicker of lights or change of motor speed as the amount 
of load on the system changes. Experience indicates that for 
GOOD SERVICE the CHANGE OF VOLTAGE AT THE LOAD 
should not exceed 3 PER CENT TO 5 PER CENT FOR LIGHTS 
and 10 PER CENT FOR MOTORS. 

Less voltage drop for a given current or load is obtained by 
reducing the impedance of the circuit; larger size of conductors 
means less resistance, and closer spacing means less inductance 
and reactance. Minimum spacings for usual circuit voltages 
are specified in the National Electrical Code. 

In SELECTING THE SIZE OF WIRE, the following procedure 
is convenient: 


1. Determine how many amperes each part of the load will 
require, from known or estimated values of the power, voltage 
and power factor. 

2. By vector addition of these currents for all loads connected 
thereto calculate the actual total current which must flow in each 


branch circuit, main and feeder, and the corresponding phase 
angle. 
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8. From the Table of Allowable Carrying Capacities (Table 
II) select the smallest size wire that will safely carry this value 
of total current. 

4. Decide what (minimum) spacing of wires shall be used, 
and if necessary calculate the EQUIVALENT DISTANCE. Then 
from suitable tables determine the total reactance and total 
resistance, in ohms, for each conductor of branch, main and 
feeder. 

5. From the service voltage known to be available at feeder 
switch, and the maximum allowable per cent voltage drop, cal- 
culate minimum allowable voltage at the load (lamps or motors, 
at end of branches). 

6. Knowing the amount of current in each conductor and its 
phase relation to the load voltage, ADD BY VECTOR DIAGRAM 
the total resistance volts and the total reactance volts to the 
minimum load voltages and determine thereby what voltage at 
feeder switch is necessary to deliver this minimum voltage at load. 

7. If this calculated feeder switch voltage is less than the 
voltage actually available there, the sizes of conductors selected 
(according to N. E. C.) are correct; if not, larger sizes of wire 
must be tried. 

Conductors smaller than No. 14B & S gauge may not be used 
anywhere in accordance with the N. E. C. except in lighting 
fixtures between the outlet box and the lamp socket. — 

Induction motors can safely take more than their normal 
full-load current for a considerable length of time, and the 
conductors should be selected for a current 1.25 times full- 
load current of large motors. Where mains or feeders supply 
several motors, conductor material may be saved by taking into 
account the demand factor. 

DEMAND FACTOR is the ratio of the maximum demand of any 
system, or part of a system, to the total connected load of the 
system or of the part of system under consideration. Values 
determined from measurements on various classes of load are 
to be found in engineering handbooks. In general, an increase 
in either the number or variety of consuming devices served 
causes a decrease in the demand factor. Typical values for 
motor loads are given in Table IX of the Appendix. Demand 
factors for lighting loads may vary from 100 per cent for store 
lighting to only 20 per cent for some classes of residence; in the 
modern trend of development it is safest to assume 100 per cent 
as has been done in this book. 
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The size of wire is generally controlled by the allowable carry- 
ing capacity (N. E. C.) when the circuit is short, and by the 
allowable voltage drop when the circuit is long. When the drop 
controls, the sizes of feeder, mains and branches should be 
adjusted to one another so that the total drop is distributed ap- 
proximately as indicated in Table V, in order to give best service. 

In SINGLE PHASE INSTALLATIONS, the THREE-WIRE SYSTEM 
is almost always used for mains and feeder, and two-wire for the 
branches, which are evenly divided or arranged so that the same 
load is drawn between neutral and either outer wire. If the sys- 
tem is so BALANCED, there is no current and no voltage drop in 
neutral. However, neutral should be of same size wire as each 
outer wire. 

The advantage of the three-wire system of single-phase over 
the two-wire system is a considerable saving of conductor 
material, amounting to at least 25 per cent. Two-phase offers 
no saving of copper over single-phase, for the same voltage. 
Three-phase three-wire is the most economical system of dis- 
tribution. In any system, the amount of conductor material 
and consequently the cost of system is greatly reduced by using 
higher voltage, since thereby the amount of current to be carried 
is less. 

In three-phase three-wire systems, resistance volts in phase 
with the line current and reactance volts in quadrature with the 
line current are added by vectors to the load voltage between 
line wire and neutral in order to find service voltage between 


line wire and neutral. This latter multiplied by V 3 or 1:73) 
gives the voltage between line wires at feeder switch or service 
point. 


PROBLEMS ON CHAPTER VIII 


Prob. 21-8. ind the size of wire to be used in feeder and mains 
to supply the lights from Panels A and B, Fig. 158, if three-wire 
three-phase system is used instead of two-wire single-phase. Use 
the same distances and loads as in Fig. 158, balancing the phases. 
Check the voltage drop to farthest lamp. 


Prob. 22-8. Compare the amounts of copper used to supply 
loads on Fig. 158, under the different systems. 

(a) Two-wire single-phase (Example I). 

(b) Three-wire single-phase (Prob. 7-8). 

(c) Three-wire three-phase (Prob. 21-8), 
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Prob. 23-8. What per cent of copper could be saved by install- 
ing the system of Prob. 3-8 as a three-wire three-phase system? 
Check voltage drop to farthest lamp under this system. 


Prob. 24-8. Calculate the voltage drop to farthest lamp for the 
correct size of conductors to supply load of Prob. 5-8 if a three-wire 
three-phase system is installed. 


Prob. 25-8. If the motors in Fig. 160 are changed to 115-volt 
three-wire three-phase motors of the same horse power, and a three- 
wire system is installed, calculate sizes of wire for the installation. 
Divide lamps into 3 branches of sixteen 40-watt lamps each. 


Prob. 26-8. Check voltage drop to farthest lamp of Panel A in 
Prob. 25. 


Prob. 27-8. Compare the weight of copper necessary for installa- 
tion to the load of Prob. 25, under the following different systems: 


(a) Two-wire single-phase (115-volt motors). 

(b) Three-wire single-phase (230-volt motors). 
(c) Three-wire three-phase (115-volt motors). 
(d) Four-wire two-phase (115-volt motors). 


Prob. 28-8. Compute Prob. 24, using 25 cycles instead of 60. 


Prob. 29-8. If single-phase motors of same horse power and 
voltage were installed in Fig. 167, and the system were changed to a 
two-wire 115-volt single-phase. calculate the sizes of wire to be used 
for the different parts. 


Prob. 30-8. Change the motors in Fig. 167 to 230-volt single- 
phase motors of the same horse power. What size conductor must 
be installed in feeder and mains if the system were changed to three- 
wire 115 : 230-volt single-phase? 


Prob. 31-8. If motors in Fig. 167 are changed to four-wire two- 
phase motors of the same horse power, what size conductor must be 
installed using the four-wire 115-volt two-phase system? 


Prob. 32-8. Compare the amounts of copper used in the different 
systems represented by Example III, Prob. 29, 30, 31. 

Prob. 33-8. Show how two indicating wattmeters would be con- 
nected in at the feeder switch of Fig. 167 to measure the total load. 


Prob. 34-8. What is the demand factor of a traffic signal con- 
taining 3 lamps, for the red, yellow, and green lights? The yellow 
light comes on with the green just before the signal changes to red. 
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Prob. 35-8. A group of one hundred twenty 100-watt lamps is 
to be supplied by a 115-volt, three-wire, three-phase system. With 
lamps arranged as a balanced load, what size conductors must be 
used? Will this size conductor be adequate to carry the current if 
the fuse in one line burns out while all the lamps are turned on? 


Prob. 36-8. If all the lamps fed from one of the outer wires on 
Panel B of Fig. 160 were burned out or turned off, but all other 
loads remained unchanged, what then would be the amount of cur- 
rent in each of the (three) conductors in Main 2? What would 
be the total current in each feeder conductor? 


Prob. 37-8. If half of the lamps on one side of the neutral of 
Panel A, Fig. 160, were replaced by fan motors consuming the samé - 
amount of volt-amperes, at 0.60 power factor, calculate how many 
amperes flow in each conductor of Main 1 and of the feeder, all other 
loads remaining unchanged. 


Prob.-38-8. <A three-wire single-phase circuit delivers 15 kv-a at 
120 volts to a load having 100 per cent power factor, and also,6 kv-a 
to another load of 50 per cent power factor at the same location, 
the loads being on opposite sides of neutral. How many amperes 
flow in each conductor of the circuit, and what size does the N. E. C. 
require it to be? Rubber-covered wire is used. 


Prob. 39-8. The circuit of Prob. 38 is 100 feet long and the wires 
are spaced 3 inches apart in the same plane. Calculate: (a) 
Equivalent distance; (b) Total resistance and reactance drop in 
each conductor. Frequency 60 cycles; (c) Volts required between 
neutral and each outer wire at the input end of main, in order to 
deliver the stated voltages at the output end. Is the total voltage 
drop on either side too much for good lighting? 


Prob. 40-8. Solve Prob. 39 on a basis of 500 feet length for the 
main. Adjust size of conductors if necessary to give proper amount 
of drop. Compare results with those of Prob. 29, and draw con- 
clusions. 


Prob. 41-8. A single-phase two-wire feeder of 600,000 circular- 
mil cable delivers 450 amperes at 440 volts 60 cycles and 85 per 
cent power factor to a distance of 800 feet. The conductors are 
spaced 6 inches apart. If the voltage at the input end of feeder is 
maintained constant, by what percentage will the voltage at the out- 
put end rise as the load is reduced to zero (that is, what will be the 
“voltage drop ”’ expressed as per cent)? 
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Prob. 42-8. Solve Prob. 41 on the assumption that power factor 
of load is 50 per cent instead of 85 per cent. Compare the results, 
and draw conclusions. 


Prob. 43-8. What must be the size of two (equal) smaller two- 
wire feeders in parallel, to deliver the same load as the single large 
feeder of Prob. 41? Rubber-insulated wire in both cases; same 
spacing. Assuming the cost of conductor to be in direct pro- 
portion to weight of metal, what per cent is saved by this sub- 
stitution? 


Prob. 44-8. Calculate for the parallel feeders of Prob. 43 the per 
cent rise of voltage at output end of feeders from full load to zero 
load, voltage at input end being maintained constant. Compare 
this result with the corresponding figure for Prob. 41, and draw 
conclusions. 


Prob. 45-8. Try to explain why the heavier conductors in Table 
II cannot be permitted to carry as large a current in relation to their 
size, as the smaller conductors. 


Prob. 46-8. A No. 0 single-phase two-wire feeder was originally 
installed to carry a load of 120 amperes, but the load grew to 220 
amperes and the station operator attempted to meet the situation 
by paralleling another two-wire feeder of No. 1 gauge. Both feeders 
have the same spacing, 6 inches, between conductors, and both 
have rubber insulation. Do you think that together they are 


sufficient? 


Prob. 47-8. If the No. 1 feeder of Prob. 46 were carrying the 
largest current permitted for it by N. E. C. (Table II), what would 
be the total voltage drop along the wires due to impedance? The 
feeders are 500 ft long. How many amperes must the No. 0 feeder 
‘in parallel then be carrying, since the impedance drop must be 
identically the same along both feeders? Are these two currents 
in phase with each other? How much is the total current? What 
ratio between current in each feeder and total current? How do 
these results bear on Prob. 46? 


Prob. 48-8. By definition, one ampere of alternating current 
generates heat at the same rate in any given resistance as one ampere 
of direct current in the same resistance. How many watts are lost 
in the feeder of Prob. 41? What per cent is this of the power put 


into the feeder? 
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Prob. 49-8. If in Prob. 41 the same amount of power were 
delivered at the same power factor but at double voltage (880 volts), 
to what fraction of its former value would the heat loss in conductors 
due to their resistance, be reduced? 


Prob. 50-8. If the resistance loss in Prob. 49 at doubled voltage 
were permitted to be the same percentage of power input as in 
Prob. 41, what per cent reduction could be made in weight of con- 
ductors? 


CHAPTER IX 
MOTORS, STARTERS AND CONTROLLERS 


. Durine the past fifty years alternating-current power 
systems have grown to the point of almost entirely displacing 
direct-current systems for general power and lighting pur- 
poses. Much of this growth was due to the greater flexibility 
of the a-c system, but the development of a wide variety of 
efficient a-c motors and control devices has also been of great 
importance. 

85. Torque. The measure of the tendency which a motor 
has to turn is called the torque of the motor. It is measured 
by the product of the pounds pull at the rim of the pulley 
times the radius of the pulley in feet. Thus, a motor, which 
will exert 6 pounds pull at the rim of a pulley of 13 ft radius, 
is said to have a torque of 6 X 14, or 9 pound-feet torque. 

If the pulley is at rest when the torque is measured, the 
value thus obtained is called the starting torque of the motor. 
The torque of the motor while running is called the running 
torque, or merely the torque, and its value is usually quite 
different from that of starting torque. 

The running torque of motors up to about 200 horsepower 
may be measured by a “ Prony brake.” A simple form of 
this device is shown in Fig. 174. A loop of rope, fastened 
between the two spring balances A and B, is wound around | 
the pulley and the tension is adjusted until the motor is 
loaded by friction to the desired amount. The difference 
between the readings of the two balances multiplied by the 
radius FR of the pulley is the value of torque exerted by the 
motor. Thus, if balance A reads 20 pounds, balance B 
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reads 5 pounds, and the radius of the pulley is 6 inches (3 
foot), the torque delivered is (20 — 5) X 4, or 73 pound-feet. 
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Fig. 174. A Prony brake, used to measure torque and horsepower of a 
motor. 


If the speed of this motor is also measured, the horsepower 
output can be calculated from the formula: 
Torque (pound-feet) Speed (rpm) 


Horsepower = eRe 
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In the above example, suppose the speed is 1720 rpm. 
The horsepower is then 
7.5 X 1720 
5255 


86. Efficiency. The efficiency of a motor always means 
the relation between output and input: 
Output 
Input 


= 2.45 horsepower. 


Efficiency = 


Of course, it is necessary to express both output and input 
in the same units. Frequently the output of a motor is 
measured in horsepower and the input is measured by a watt- 
meter in watts. Usually it is better to convert the output 
from horsepower to watts by multiplying by 746, which is the 
number of watts which is equivalent to one horsepower. 
Thus, in the example above, the output of the motor might 
have been expressed as 2.45 & 746, or 1830 watts. If the 
input to this motor was 2200 watts, the efficiency would ie 
4330 = 0.832, or 83.2 per cent. 

Prob. 1-9. A motor fitted with a Prony brake, as shown in 
Fig. 174, runs at a speed of 1150 rpm. The balance A reads 55 
pounds, and balance B reads 15 pounds. If the pulley is 24 feet 
in diameter, what is the torque developed? 

Prob. 2-9. What is the output of the motor of Prob. 1 in horse- 
power? In watts? 

Prob. 3-9. If the motor of Prob. 1 draws 10 kilowatts from the 
line, what is its efficiency? 

Prob. 4-9. What torque is exerted by a 100-horsepower, 600- 
rpm motor, when delivering full load? 

Prob. 5-9. The efficiency of the motor of Prob. 4 is 89 per cent 
at full load. What power does it take from the line? 


87. Synchronous Motors. It is a general fact concern- 
ing ali electric generators that under proper conditions they 
will operate as motors. Similarly, most electric motors will 
operate as generators, Of course, some modifications or 
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adjustments are often necessary to cause a generator to 
operate successfully as a motor, or vice versa, but the general 
statement is universally true. 

It follows, then, that alternating-current generators of the 
type shown in Fig. 137, 138 and 139 may operate as alter- 
nating-current motors. When so used they are called 
synchronous motors, because the rotor revolves in synchro- 
nism or “ in time ”’ with the alternations of the current. This 
type of motor is generally constructed with the permanent 
magnetic poles on the rotating part. These poles are 
excited by direct current from some outside source. The . 
armature is on the stationary frame as in Fig. 137 and 139. 
Since the current in the armature is continually alternating 
the magnetic poles formed by the armature windings are 
continually changing from north to south polarity and from 
south to north, and the revolving field poles have to move 
around in time with these changes so as always to keep a pole 
of the proper (opposite) polarity close to each changing pole 
of the armature. 

Thus the rotor of Fig. 138 has 30 poles and the armature 
has 30 poles. Consider one phase only. If the armature is 
connected to a 60-cycle circuit, any given north pole produced 
by the armature windings will change to a south pole during 
the next z4y of a second, and the south pole of the rotor 
which was opposite this north pole of the armature must 
move on and be succeeded by a north pole. There being 
30 poles on the rotor, the rotor must turn through 4 of a 
revolution in order to present its opposite (next) pole to the 
south pole now produced in this position by the armature 
winding. Since each armature pole changes every 74, of 
a second, the rotor must move through #5 of a revolution 
in each +45 of a second to keep up with the changes of the 
armature poles. This is what is meant by the rotor revolv- 
ing in synchronism with the alternations of the current. 

The rated speed of this motor is its synchronous speed, 
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which can be found as follows: If the motor makes 
of a revolution in ;4, of a second, in a whole second it would 
inake 120 X 34, or 4 revolutions; thus, the speed would be 
60 X 4, or 240 revolutions per minute. 

Note that the speed of a synchronous motor may be found 
vy the equation 


Frequency X 60 
Number of pairs of poles 
_ 60 X 60 
i aes 
= 240 rpm. 


Speed (rev. per min.) = 


The advantages of these motors are: 

(a) They run at constant speed for all loads up to the 
imit of their capacity, when supplied with power at constant 
frequency. If too great a load is put upon them, however, 
they fall “‘ out of step ” and stop. 

(6) The field windings can be “ over-excited ”’ and the 
current taken by the armature will then have a leading 
power factor. This tends to correct whatever lagging 
power factor other devices may put upon the line as seen in 
the preceding chapters. When so used they are called 
synchronous condensers. 

Until comparatively recent years, synchronous motors 
were subject to two disadvantages which seriously limited 
their use. They were not self-starting under load, and in 
smaller sizes they were unstable and likely to fall out of step 
due to surges. Modern designs have overcome these dis- 
advantages, particularly in the larger sizes. 


Prob. 6-9. At what speed will the 30-pole generator of Fig. 138 
and 139 run as a synchronous motor on a 25-cycle line? 

Prob. 7-9. At what speed will a 24-pole 25-cycle synchronous 
motor operate? 

Prob. 8-9. How many poles must a synchronous motor have in 
order to operate at 720 rpm on a 60-cycle system? 
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Prob. 9-9. At what speed will the motor in Prob. 8 operate on a 
25-cycle line? 


88. Induction Motors. Polyphase. The polyphase in- 
duction motor as illustrated in Fig. 175, 176, and 177 is the 
simplest and most common form of alternating-current motor 
for industrial use. Note that the stator or armature, shown 


Fie. 175. Stator of polyphase induction motor. Westinghouse 
Elec. & Mfg. Co. 


in Fig. 175, consists of a laminated steel frame, having slots in 
which formed coils are laid. The rotor, shown in Fig. 176, is 
of the squirrel-cage type; its “ winding ” is made by casting 
aluminum into holes punched in the laminations which form 
the core. The polyphase current from the supply line is led 
into the stator windings only. The rotor has no electrical 
connection to the line, thus doing away with all brushes and 
slip rings. 
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This motor is self-starting, even when connected to its 
normal full load, and has the characteristics of a direct- 
current shunt motor. That is, when unloaded, it has a 
certain definite speed, depending upon the number of poles 


Fic. 176. Rotor of polyphase induction motor. Squirrel-cage type. 
Westinghouse Elec. & Mfg. Co. 


Fig. 177. Assembled squirrel-cage induction motor with frame cut 
away to show internal appearance. Westinghouse Elec. & Mfg. Co. 


on the stator and the frequency of the power supply. As the 
load increases, the speed falls off slightly at first then more and 
more until, at a considerable overload, the motor stops. 
Due to the very simple and rugged construction, it demands 
no attention except occasional oiling. 
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89. Starting Torque of a Polyphase Motor. Rotating 
Field. The action of a polyphase induction motor may be 
seen from a study of Fig. 178, 179 and 180. Fig. 178 shows 


Fic. 178. Skeleton view of a two-phase generator. Coil A generates 
maximum voltage at same instant coil B generates no voltage. 
the arrangement of the two armature coils of a two-phase 
generator. Fig. 179 is a diagrammatic representation of the 
two-phase generator of Fig. 178 connected to a two-phase 


Me] al 
ea 
Ssiet/ 
Induction Motor 
Two: phase 


Two-phase 


Fie. 179. Two-phase two-pole induction motor supplied by the genera- 
tor of Fig. 178. 

induction motor. Phase A of the generator is connected to 

two Poles A on the stator of the motor, and Phase B of the 

generator is connected to the two Poles B of the motor. The 
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Poles A and B of the motor are represented as though they 
were salient or distinct like the poles of a direct-current 
motor. It will be seen from the illustration of the stator S of 
an actual induction motor in Fig. 175, that the poles are not 
distinct, but are merely regions of the frame surrounded by 
coils. It requires careful tracing out of the windings of the 
stator of an actual motor to determine how many poles it has. 
The effect, however, is the same as though the poles stood out 
from the frame as shown in Fig. 178 and 179. 


Phase 


EA 
B 


(9) (1) 

Fie. 180. Two-phase two-pole induction motor. Diagrams show how 
the direction of the resultant magnetic flux due to combined action of 
two phases makes one complete revolution during each cycle of line 
voltage. 


It will be seen that in Fig. 178 and 179, at the instant 
shown, Phase A of the generator is cutting across the mag- 
netic field at the fastest rate, while Phase B is in the neutral ~ 
position and therefore not cutting the magnetic field at all. 
Therefore, at this instant a maximum voltage is set up in 
Phase A of the generator and is sending current through the 
coils of Phase A in the motor, while there is no voltage in 
Phase B of the generator and thus no current through the 
coils of Phase B of the motor. Thus we have a strong mag- 
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netic field from Pole A to Pole A; of the motor and no field 
from Pole B to Pole B,, as is seen from Fig. 180a which repre- 
sents the magnetic conditions in the motor at the instant 
shown in Fig. 178. The arrow in the center of Fig. 180a 
represents the general direction of the magnetic field set up; 
note that it is from A to Ai. 

When the armature of the generator has turned 45° from 
its present position, Phase A will not be cutting magnetic 
lines so rapidly and Phase B will have begun to cut magnetic 
lines. Thus the current in the coils of Phase A of the motor 
will have decreased and a current will have started in Phase 
B. The magnetic field would then assume some shape like 
Fig. 180b in which the general direction of the field has been 
turned around so that it goes from Poles A and B to Poles 
A, and-B,. . Comparing the direction of the arrow in Fig. 
1806 with that in Fig. 180a, we see that the magnetic field 
has rotated through practically 45°. 

When the armature of Fig. 178 has turned through another 
45°, Phase A will be in the neutral] position and generating 
no voltage while Phase B will be generating its maximum 
voltage. Thus the magnetic field between poles A and A, 
of the motor will have died out and the field from Pole B to 
Pole B, will be at its maximum as shown in Fig. 180c. Note 
that the arrow showing the general direction of the magnetic 
field has advanced 90° from the direction of the field in Fig. 
180a. 

Fig. 180d shows the motor field condition at an instant 
45° later, when Phase A of the generator has begun to cut 
lines of force in the opposite direction and so has begun to 
magnetize Poles A and A; in the opposite direction by reason 
of a reversed current in this phase. Poles B and B, have 
grown weaker, because Phase B of the generator has passed 
the point of maximum cutting and is now sending less current 
to magnetize the B poles. The resultant field of the motor 
at this instant has turned around another 45°. 
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In Fig. 180e, Phase A of the generator will be cutting lines 
again at the maximum rate, only in the negative direction, 
and Phase B will be again in the neutral position. The result 
is a magnetization of Poles A and A; in the direction op- 
posite to that of Fig. 180a, and no magnetization of Poles 
Band By. 

As the current in Phase A again grows less and that in 
Phase B acquires strength in its negative direction the 
magnetic field shifts around to the position shown in Fig. 
180f. 

Passing successively through the positions shown in Fig. 
180g and 180h, the direction of the motor field finally swings 
around into the position shown at the starting of the cycle 
in Fig. 180a. 

Note that as the current in the phases passes through one 
complete cycle the magnetic field of the motor has swung 
around through one complete revolution. In other words, 
we have here a motor with a rotating magnetic field, al- 
though it is the magnetic lines which rotate and not the pole 
structure. 

Note that although the representations of the two-phase 
motor in Fig. 179 and 180 have the appearance of showing 
a four-pole motor, they really represent a two-pole motor. 
If Fig. 1806 represented a four-pole motor, Pole A being 
north, Pole B would have to be south. But Pole B like Pole 
A is north, and is, therefore, a part of the north pole area. 
In other words, all adjacent poles of the same polarity are 
counted as one pole area, or simply as one pole. Therefore, 
in Fig. 180b, Poles A and B constitute one north pole, and 
Poles A, and B,; constitute one south pole. Similarly, in 
Fig. 180d, poles B and A, constitute one north pole and B, 
and A together form one south pole. 

90. Why the Rotor Tends to Revolve. The fundamental 
reason why the rotor of a polyphase induction motor revolves 
is because the polyphase currents in the stator windings 
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produce a rotating field. The action of this rotating field as 
it cuts the copper rods of the rotor sets up voltages and 
currents in the rods. The stator magnetism then pushes 
the current-carrying rods around in the direction of rotation 
of the field. 

This is seen more clearly if we consider the action on one 

rod of the rotor shown under 
Cea ioe} the face of Pole A in Fig. 180a. 
If this rod is standing still, 
the field moving up across it 
would cause a voltage to be. 
set up in it tending to cause 
a current to flow out of the 
Fic. 181. Compare Fig. 180a. face of the paper toward the 

ms reader. 

To test this by the right-hand rule, consider the field to 
stand still and the bar to move down as in Fig. 181. The 
relative motion is the same as if the rod were standing still 
and the field moving up. Placing the thumb of the right 
hand in the direction of the motion of the rod, the forefinger 
in the direction of the magnetic lines, the 
middle finger shows the direction of the 
voltage induced in the bar to be out as 
shown in Fig. 182. 

Since all the bars of the squirrel-cage 
rotor are soldered to rings at both ends, a Fyq. 182. Directions 
path of low resistance is offered to any cur- of magnetic flux, 
rent tending to flow in the rods. Thus motion and induced 
we have the elements of a motor, con- Voltage bear a fixed 
ductors carrying a current in a magnetic aan 1S alae 
field. The rod shown in Fig. 180a with : 
an induced current flowing out would be pushed up across 
the pole and the drum to which it was attached would tend 
to rotate clockwise in the same direction that the field is 
rotating. 
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This can be shown as follows: 

Fig. 183 represents the rod carrying a current outward, 
placed in the magnetic field as in Fig. 180a. Note that the 
field about the wire due to the current in the wire is circular 
in a counter-clockwise direction, so that above the bar the 
circular field is in the direction opposite to the parallel field 
of the stator pole. But below the bar, the circular field is 
in the same direction as the parallel field of the stator pole. 


Phase |A 


Stator|pole 


Fig. 183. Showing direction of Fra. 184. Current produced by 
voltage induced in rod of Fig. induced voltage of Fig. 181, 183 
181. distorts the magnetic field and 

produces a force acting upward. 


This results, as shown in Fig. 184, in a thinning of the mag- 
netic lines above the rod and in a strengthening of the field 
below the rod. When we remember that magnetic lines of 
force act like stretched rubber bands, we can see that the rod 
will be forced upward. 

As there is a large number of these rods on the rotor acted 
upon at all instants by the magnetic field, a large total 
force is exerted tending to turn the rotor in a clockwise 
direction, which is also the direction in which the field is 
rotating. 

91. Unloaded Induction Motor. Synchronous Speed. 
If the frequency of the generator in Fig. 178 is 60 cycles per 
second, then the field of the two-pole two-phase induction 
motor must rotate 60 times a second or 60 X 60, or 3600 
times a minute. The speed at which the field of an induction 
motor rotates is called the synchronous speed of the motor 
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and can be found by the same equation that indicated the 
speed of a synchronous motor. 


frequency X 60_ 
pairs of poles 


Synchronous speed = 


In this case 

60 X 60 
1 

= 3600 rpm. 


Synchronous speed = 


We have seen that the rotor of an induction motor when 
standing still tends to rotate in the same direction as the 
field of the stator. If the rotor is unloaded, it will rotate 
faster and faster until it has a speed almost equal to the 
speed ofthe field or the synchronous speed. The rotor speed, 
however, can never quite equal the speed of the field, because 
if it did, the field would no longer be cutting the bars of the 
rotor, and thus no current would be induced in the bars. 
Since it is the reaction of the circular field produced by the 
current in the bars upon the surrounding field of the stator 
windings which causes the force on the rotor bars, as soon as 
this current stops flowing in the bars, the turning force on 
the rotor stops and the rotor slows down. 

When the rotor is unloaded very little force is required to 
turn it, therefore the current in the bars need not be great. 
Accordingly, the rotor revolves just enough slower than the 
field to allow the field to cut the bars a little and generate 
sufficient current in the bars to produce force to overcome 
what little friction or other opposition may be offered to the 
motion. It is customary to regard the no-load speed as 
practically synchronous speed. 


Prob. 10-9. What would be the synchronous speed of the induc- 
tion motor in Fig. 180, on a 25-cycle line? 


Prob. 11-9. An induction motor has 12 poles. At approximately 
what speed will it rotate when unloaded on a 60-cycle system? 
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Prob. 12-9. The zero-load speed of an induction motor is 1795 
rpm when connected to a 60-cycle system. How many poles must 
the stator have? 


92. Effect of Load upon Speed of Induction Motor. 
Slip. When we place the rated load upon the rotor of an 
induction motor, of course more magnetic force is required 
to turn it. The rotor merely slows down and the field, 
continuing to rotate at the same speed, cuts the bars of the 
rotor at a greater rate. This increases the current in the 
bars until enough force is produced to keep the rotor turning 
even with the load attached. 

The amount by which the rotor falls off from synchronous 
speed is called the slip of the motor for this load. The slip 
in revolutions per minute is found by subtracting the speed 
at any given load from the synchronous speed. The slip is 
generally stated, however, as percentage of the synchronous 
speed. 


Example 1. The synchronous speed of a certain induction motor 
is 1200 rpm. The full-load speed is 1140 rpm. Find: 


(a) The slip in rpm. 
(b) The percentage slip. 


Solution. 
(a) Slip = synchronous speed — full-load speed. 
= 1200 — 1140 
= 60 rpm. 
b) Percentage slip = at 
aphercenteaze-e Ip: synchronous speed 
= 7200 
= 5 per cent. 


Prob. 13-9. The full-load speed for the motor of Prob. 12 is 
1725 rpm. 


(a) What is the slip at full load in rpm? 
(b) What is the percentage slip at full load? 
(c) What is the slip at zero load? 
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Prob. 14-9. A certain induction motor on a 60-cycle system has a 
full-load speed of 696 rpm and a zero-load speed of 718rpm. Calcu- 
late: , 

(a) How many poles stator must have. 

(b) The synchronous speed. 

(c) The per cent slip at full load. 

(d) The per cent slip at zero load. 


Prob. 15-9. On what frequency must an 8-pole induction motor 
be operated in order to have a synchronous speed of 375 rpm? 


Prob. 16-9. What full-load speed will a 12-pole induction motor 
have when operating on a 60-cycle system with a 5.5 per cent slip? 


Prob. 17-9. A 6-pole induction motor has a 5 per cent slip at 
full load. What is its speed at full load on a 60-cycle system? 


93. Current and Full-load Power Factor of Induction 
Motor. “An induction motor is like a transformer with a 
rotating secondary. The stator is the primary and the retor 
is the secondary. The current taken by the primary coil of 
any transformer is almost directly proportional to the current 
in the secondary, and the power factor of the primary current 
becomes practically equal to whatever the power factor of 
the secondary. happens to be, especially when the motor is 
loaded. Thus the current and power factor of the stator 
windings depend upon the current and power factor of the 
rotor, which in turn depend upon the resistance and react- 
ance of the rotor circuit. 

The resistance of the rotor is made very low by brazing or 
soldering the bars into an end-ring or, as in Fig. 176, by 
actually casting the rotor “‘ winding ” into the laminations. 
Under these conditions the resistance is practically that of a 
short circuit. The reactance of the rotor at or near full 
load is usually greater than the resistance, because the bars 
are surrounded by a good magnetic path of soft steel. The 
impedance of the rotor, therefore, consists largely of the 
reactance. The reactance depends upon the frequency of 
the induced currents in the rotor circuit, and, therefore, it 
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varies with the load and is always in direct proportion to the 
slip (see paragraph 95). 

We have seen that the power factor of a circuit is equal to 
the a , and when the reactance is relatively large, the 
power factor is correspondingly low. This is true of the 
induced rotor current. The voltage set up in the bars by 
the rotating field causes a current to flow against the imped- 
ance. The power factor of this current must be low for the 
heavier loads because the reactance of the rotor circuit corre- 
sponding to the larger values of slip is much greater than the 
resistance. Thus the power factor of the current taken by 
the stator must be low for heavy loads. 

The power factor of an induction motor, therefore, changes 
with the change in load. With no load on the rotor, the 
greater part of the current in the stator windings is that 
part necessary to magnetize the field. This current is called 
the magnetizing current and, on account of the large react- 
ance of the stator coil, has a low power factor. As more 
and more load is put on the rotor, a larger and larger power 
component of current is taken by the stator windings. The 
magnetizing current, although practically constant, therefore 
becomes a smaller and smaller part of the total stator cur- 
rent. Thus the power factor rises as the load increases 
until it reaches a maximum at about full load. At over- 
loads, due to the increased rotor reactance with excessive 
slip, the power factor again decreases. The values of the 
current taken by the more common sizes of two-phase induc- 
tion motors at full load are given in Table VI. The values 
of the usual power factors of these full-load currents are 
given in Table VIII. Note that the larger the motor the 
higher the power factor. 

94. Starting Current. We have seen that the starting 
current of small induction motors is usually taken as about 
twice the full-load current. This is easily accounted for by 
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the fact that when the bars of the rotor are standing still, 
the rotating field sweeps across them at a faster rate than 
when they are rotating in the same direction as the field. 
Thus a higher voltage is induced in the bars at starting and 
a greater current flows than after the rotor has attained its 
speed. 

Although it is customary to use twice the full-load current 
as the starting current, many squirrel-cage motors would 
take five or six times the full-load current if thrown directly 
on the line. Accordingly, starting devices are used to enable 
motors of this type to get up a certain speed before the full: 
voltage is applied. These devices are explained later in this 
chapter. 

95. Power Factor of Starting Current. The power 
factor of the starting current is low, usually not higher than 
50 per cent for motors up to 5 horsepower. The main cause 
for the power factor of the starting current being lower than 
the power factor of the full-load current is the fact that the 
reactance of the rotor is greater when the rotor is at rest than 
when it is rotating. We have seen that the larger the react- 
ance the lower the power factor, other conditions remaining 
unchanged. 

The greater starting reactance is caused as follows: 
The reactance depends upon the frequency of the current, 
the higher the frequency the greater the reactance against 
it. (See paragraph 57.) When the rotor is standing still, 
each bar is cut by the magnetic flux from two poles of 
the rotating field during each cycle, since the field rotates 
in step with the alternations of the voltage and current 
in the stator or the supply line. The frequency of the volt- 
age induced in the rotor bars is, therefore, the same as the 
frequency of the current in the stator. In other words, the 
rotor, when stationary, is just like the secondary of any 
transformer, and the frequency of the induced current must 
equal the frequency of the primary current. 
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Now if, on the other hand, the rotor is revolving at the 
same speed as the field, then the bars are not cut at all 
by the magnetic lines and the frequency of rotor voltage and 
current is zero. But when the rotor of Fig. 180 falls behind 
and makes just one fewer revolutions per second than 
the field makes, then the bars are cut by the magnetic field 
of a stator pole twice each second and a voltage of a frequency 
of one cycle per second is induced in the bars. At full load 
the slip of most motors is about 5 per cent, so the frequency 
of the induced voltage in the rotor would be about 5 per cent 
of 60, or 3 cycles per second on a 60-cycle system, with the 
motor running at full-load speed. Thus the induced voltage 
in the rotor at rest has the same frequency as the line or has 
100 per cent of line frequency, while the induced voltage in 
the rotor at full-load speed is only about 5 per cent of the line 
frequency. ‘The reactance of the rotor circuit is, therefore, 
100 per cent 

5 per cent 
speed, and the power factor is correspondingly lower. 

96. Selection of Motors. Pull-out Load. From the 
foregoing it is seen that the power factor is lower at the start 
than at full-load speed. But it is also true that the smaller 
the load on an induction motor the lower the power factor; 
that is, the power factor is bad for either very light loads or 
heavy overloads. Furthermore, the efficiency is also low at 
light load and at heavy overload, being greatest usually at 
or near rated full load. In selecting an induction motor, 
therefore, for a given duty, care should be taken to get one 
having the proper rated horsepower. 

Do not get a motor of too great horsepower for the job, 
because it will not be running at full load and will, therefore, 
have low power factor and low efficiency. This increases the 
cost of running the motor and increases all the effects of bad 
power factor on the line, such as lowering the line voltage 
and increasing the line losses. 


or 20 times as great, at starting as at full-load 
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Do not get a motor of too small horsepower, because if the 
motor is overloaded for a long time it will heat up the stator 
windings to such an extent that the insulation becomes 
brittle, increasing the chance for short circuits, and shorten- 
ing the useful life of the motor. 

Furthermore, the load which an induction motor will carry 
cannot be increased indefinitely even for a short time. As 
we increase the load on such a motor the rotor gradually 
slows down in order to acquire a greater torque by means of 
the increased rotor currents. But when we reach between 
two and three times the full-load torque, the rotor, instead — 
of merely slowing down a little more, suddenly stops alto- 
gether, and unless the power is thrown off the motor will 
soon be burned out. The torque at which an induction 
motor stops is called the pull-out torque and varies from 
2.5 to 3.5 times the full-load torque. 

It is, therefore, well to obtain from the wamafiaeeinee of 
the machines to be motor-driven the exact horsepower and 
speed of the motor required, and to install a motor which 
meets closely the requirements. In general, it is better to 
determine the requirements by tests on the machines, or by 
finding the results of such tests. 

97. Reversing Direction of Rotation. In order to reverse 
the direction of rotation of a two-phase induction motor it is 
necessary to reverse the connections of one phase only, leay- 
ing the connections of the other phase as before. 

The fact that the direction of the rotation of the field is 
changed by the reversal of one phase can be seen by again 
considering Fig. 179 to 180h. 

Suppose that we reverse the connections of Phase B to the 
motor in Fig. 179. Then Fig. 180a still represents the 
magnetic field condition of the motor when the armature 
coils of the generator are in the position shown in Fig. 178 
and 179. But when the armature coils have proceeded 
through 45°, the motor field conditions will no longer be 
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represented by Fig. 180b, because, if the connections to 
Poles B and B, have been reversed the direction of their mag- 
netic fields must have been re- 
versed. Thus Pole B would be- 
come south and Pole 8B, north, 
and combining with the field of 
A and A, they would produce the 
field direction shown in Fig. 185. 
Note that the arrow showing gen- 
eral field direction has turned coun- 
ter clockwise instead of clockwise 
as in Fig. 180b, showing that the 


direction of field rotation has been Fc. 185. Phase B of Fig. 
reversed. 180 has been reversed, and 
the magnetic flux now re- 
Prob. 18-9. Draw diagrams simi- volves oppositely. 
lar to Fig. 180a to 180h, showing the 
field rotation throughout one cycle when the connections of Phase B 
of the motor are the reverse of those shown in Fig. 179. 


98. Three-phase Induction Motors. Fig. 186 shows in 
skeleton the arrangement of the three armature ‘coils of a 
three-phase generator. In Fig. 187, the three-phase star- 
connected generator of Fig. 186 supplies three-phase power 
over a three-wire line to the three-phase induction motor. 
As the two-phase induction motor in Fig. 179 was repre- 
sented with distinct poles, so the three-phase motor in this 
figure is represented with distinct poles. Phase B is con- 
nected to Poles B and B,;, Phase C is connected to Poles C 
and C;, and Phase A is connected to poles A and A;. The 
three phases are star-connected within the motor, so that 
three leads only are brought out from the frame. The 
- armature of the generator is shown in Fig. 187 at the instant 
at which Phase C is cutting no lines, and, therefore, no 
voltage is set up in Phase C. Phase B is cutting across the 
north pole of the generator. Phase A is cutting across 
the south pole at the same rate that B is cutting across the 
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north pole. Thus the same voltage is induced in Phase A 
as in Phase B, only in the opposite direction with respect to 


Fia. 186. Skeleton view of a three-phase generator, star-connected. 
Voltages in three coils reach their respective maximum values one- 
third cycle apart. 


GENERATOR 
THREE-PHASE THREE-PHASE 
Fia. 187. Three-phase two-pole induction motor driven by generator 
of Fig. 186. 


line terminals, one being toward terminal A and the other 
being away from terminal B, as indicated by the arrows. 
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Fig. 188a represents the generator with the armature in 
the position at the instant shown in Fig. 187. Fig. 188b 
represents the magnetic field of the motor at this instant. 
Note that no field is produced by poles C and (C,, since there 
is no current in Phase C. The fields produced by Pole A 
and Pole B are opposite in direction because the currents in 
Phases A and B are opposite in direction. This causes 
Pole A; to have the same north polarity as Pole B, and Pole A 
to have the same south polarity as B,. Thus the magnetic 
lines pass from the two north poles A; and B to the two 
south poles B, and A. 


gem 


(a) (b) 
Fic. 188. Fig. 188, 189, 190 illustrate how the magnetic field of the 
induction motor of Fig. 187 rotates in synchronism with the gener- 
ator. 


Fig. 189a represents the position of the armature 60° 
jater. Phase B is now cutting no lines and has no induced 
voltage. Phase A is still cutting across the south pole, 
having passed through its maximum value and again decreased 
until it now has the same value it had in Fig. 188. Phase C 
is now cutting the north pole at the same rate A is cutting 
the south pole, and thus has the same induced voltage as 
Phase A, only in the opposite direction. 

Note that in Fig. 189b the B poles have no field, but that 
the A poles and C poles have fields of equal strength in op- 
posite directions, because the currents in Phase A and C are 
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in opposite directions. Poles C and A; being north, send 
magnetic lines to Poles A and C; which are south. 

In Fig. 190a the armature of the generator has passed 
through still another 60° and Phase A is now cutting no lines 


Fia. 189. One-sixth cycle after Fig. 188, the magnetic field of the 
motor has turned through one-sixth revolution. 


and has no voltage induced in it. Phase C is still cutting 
across the north pole, having passed through its maximum 
cutting and is now cutting at the same rate as in Fig. 189. 


(a) (b) 
Fia. 190. One-third cycle after Fig. 188, the magnetic field of motor 
has turned through one-third revolution. 


Phase B is cutting the field near the south pole at the same 
rate that C is cutting the field near the north pole. Thus the 
voltage induced in Phase B is equal to the induced voltage 
in Phase C, but is in the opposite direction. 
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Note in Fig. 1906 that Poles A and A, have no field. The 
B poles and C poles have equal fields but in opposite direc- 
tions, because the voltages of Phases B and C are opposite 
in direction. Thus Poles B; and C are north and Poles B 
and C, are south. 

From the change in direction of the three-phase motor 
field in Fig. 188, 189, and 190, it is clearly evident that the 
field is rotating in a counter-clockwise direction in synchro- 
nism with the alternations of voltage in the system. Note 
that although the motor appears to have six poles, it really 
has but two polar areas and is, therefore, a two-pole motor. 
Also note that while the rotation of the armature of the 
generator is clockwise, the field of the motor rotates counter 
clockwise. This merely happened to be the case because of 
the manner in which the phases were connected to the motor. 


Prob. 19-9. Draw diagrams similar to Fig. 190 for three later 
instants of the cycle, at 60° intervals. 


Prob. 20-9. Interchange the leads A and B in the motor of Fig. 
187, connecting lead A at Pole B and lead B at Pole A. Construct 
three diagrams similar to Fig. 188, 189 and 190. In what direction 
now is the field rotating? 

Prob. 21-9. Interchange the leads A and C as placed in Prob. 
20-9 and repeat the problem, noting direction of rotation. 

99. To Reverse the Direction of Rotation of a Three- 
phase Induction Motor. From Problems 20 and 21 it is 
seen that by interchanging any two leads of a three-wire 
three-phase induction motor, the direction of rotation is 
reversed. 

100. Starting Small Polyphase Induction Motors. The 
majority of small induction motors of modern design are now 
started by connecting directly to the line. In doing so, 
however, protective equipment must be provided which will 
not burn out due to the relatively large starting current and 
will still protect the motor from damage due to relatively 
small overload currents. This is accomplished by means of 
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the so-called ‘‘ heater-type ” or “‘ thermal-delay ” relays and 
fuses. 

The essential protective element of a line-starting device 
for smaller motors is the thermal overload relay shown 
schematically in Fig. 191. The line current of the motor 
passes through a heater coil made of resistance wire. Located 
within this coil and insulated from it is a strip of ‘‘ bimetal.” 
This is a strip made by welding two thin pieces of unlike 
metals together and has 
the property of changing 
shape when heated be-— 
cause one metal expands 
more than the other. 
When fixed at one end, 
__ Bimetal strip as shown in Fig. 191, it 
pi eA oop to will deflect from the posi- 

tion shown in solid lines 
er ere to the position shown in 
dotted lines when its tem- 

Gouge perature! orises.,inwans 
eerie por normal position, the bi- 

metal strip acts as a latch 
, holding the contact arm 
CA ——— Contacts in a closed (solid line) | 

* position against the ac- 
tion of aspring. If, how- 
ever, the strip becomes 
too hot due to excessive line current, it moves to the trip 
position (dotted lines) and releases the contact arm which is 
in turn pulled by a spring to its open (dotted line) position. 

After the overload has been cleared, sufficient time must be 
allowed for the bimetal strip to cool and return to its normal 
position. Then, by pushing the “ reset ” button, shown in 
Fig. 191, the contact arm can again be latched in the closed 
position and operation resumed. 


Heater Coil 


Line Current 


S 


Fie. 191. Schematic diagram of ther- 
mal overload relay. 
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Because it requires an appreciable time for the bimetal 
strip to heat and deflect enough to trip the contact arm, this 
type of relay will not trip out due to large starting currents 
which last for only a short time, but will trip on much smaller 
currents which flow long enough to be harmful to the motor. 
By proper design of the relay, it is possible to make the 
bimetal strip heat up at a rate proportional to the rise in 
motor temperature and thus provide a very sensitive means 
of protecting the motor even with rapidly changing loads. 

“Stop” 


Button Overload 
Release 


Three-phase 
Supply 
~w 


Release 


Operating 
Solenoid 


Fig. 192. Connections for push-button control of 3-phase induction 
motor. Motor is connected directly to line for starting, using thermal 
overload relays. 


Fig. 192 shows the application of the thermal overload 
relay to a magnetic starter for a three-phase motor. With 
the motor not operating, the control circuit can be traced 
starting at line 2. The contacts K»2 are open and also the 
contact D which is connected in parallel with Ky. Passing 
through the operating coil, contacts Ks and Ks, which are 
parts of two thermal overload relays, are both closed. 
Contact K, on the stop button, is also closed. If the start 
button is now depressed, contact K2 closes and the circuit 
trom line 2 to line 1 is completed through the operating coil 
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and the closed contacts K., Kz; and K;. The energized 
operating coil now pulls on the operating bar P, against 
either spring force or gravity, and closes the power contacts 
A, B and C to the motor. At the same time, contact D 
closes and thus “‘ holds ” the control circuit closed when the 
start button is released. Normally the motor is stopped by 
pushing the stop button, which opens contact Ki, releasing 
the operating bar P and thus allowing contacts A, B, C and 
D to open. With contact D open, the stop button can be 
released. 

The contacts K; and K,, in Fig. 192, are similar to the pair 
of contacts shown in Fig. 191. They are normally closed 
when the motor is running but will open if the current in 
either line 1 or line 3 is excessive. If either contact K; or 
Ky, opens, the operating solenoid releases bar P and shuts 
down the motor. The motor cannot again be started until 
the thermal overload relays are “ reset.” 

Note that thermal overload relays are placed in only two 
of the three leads to a three-phase motor. Since the line 
currents to the motor are normally balanced, only one relay 
is actually required for protection during three-phase opera- 
tion and it makes no difference in which line it is placed. 
However, fuses of the ordinary type must always be located 
ahead of the starter for protection against short circuits,* 
and if one of these fuses burns out, the motor will try to 
operate as a single-phase motor (see Par. 106). If a single 
thermal overload relay is used, and happens to be located 
in the open line, it will not detect the overload due to 
single-phase operation, and the motor will overheat. By 
using two relays, as shown in Fig. 192, the motor is pro- 
tected against this condition regardless of which fuse burns 
out. 


* The thermal overload element is too slow in operation to act as 
protection against short circuits. A standard fuse with a current 
rating about four times the rating of the starter is generally used, 
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Fig. 193 shows a starter, equipped with thermal overload 
relays, for starting a 50-horsepower motor directly on the 
line. Starters of this general type are built for motors as 
large as 100 horsepower. 


Fic. 193. Line starter with thermal overload relays. Westinghouse 
Elec. & Mfg. Co. 


101. Starting Compensators or Auto-starters. The most 
common starter for larger sizes of both two-phase and three- 
phase induction motors is the compensator or auto-starter. 
The principle upon which an auto-starter works is shown in 
Fig. 194, which is a conventional method of representing a 
two-phase starter. Coils ab and cd represent two trans- 
former primary coils each wound to operate at 220 volts; 
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the transformer will have no secondary coils. In the place 
of secondary coils, tap x is brought out of the middle of coil 
ab and tap y is brought out of the middle of coil cd. The 
voltage across each half-coil ax and dy will be half the volt- 
age across each whole coil. So if 220 volts from a two-phase 
system are impressed across each of the coils ab and cd, the 
voltage across ax and across dy will be 110 volts. If Phase A 
of the induction motor is connected to a and x, and Phase B 
to d and y, the voltage across the two phases of the induction 
motor will be only 110 volts, two-phase. The two coils on. 


Two-phase 


Phase B Phase A 


Fia. 194. Auto-transformer arrangement for starting induction motor 
at reduced voltage; called “ auto-starter ’’ or compensator. 


the stator of the motor are merely convenient conventional 
representations of the stator windings and do not at all indi- 
cate the actual arrangement of the stator coils. 

The motor is thus subjected to only half voltage when 
starting. As soon as the motor attains the proper speed, a 
switch disconnects the motor from the compensator and 
throws it on the line so that it receives full line voltage. The 
same switch usually also disconnects the compensator from 
the line. A transformer constructed in this manner, with 
taps from a single coil, is called an auto-transformer. The 
taps need not be placed midway on the coils but can divide 
the coils into two parts of any desired voltage. Thus, if a 
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220-volt coil is tapped at the one-quarter point, the voltage be- 
tween one end of the coil and the tap will be ¢ of 220, or 55 volts, 
and between the other end and the tap 3 of 220, or 165 volts. 


Fic. 195. Wiring diagram of starting compensator and switch, for 
two-phase induction motor. Starting taps ordinarily at 60 per cent 
of normal voltage. 


Fig. 195 shows the wiring connection for a compensator 


and switch. When the switch is thrown down, it puts the 
coils of the transformer across the line, and connects the 


Auto starter 


Fia. 196. Wiring diagram of starting compensator for three-phase 
induction motor, shown without switch. 

motor across any part of the coils which is tapped off. When 

the motor has attained the proper speed, the switch is thrown 

up and connects the motor directly to the line through the 

running fuses. 
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Fre. 197. Three-phase starting compensator for induction motors, 
equipped with no-voltage release (upper right) and overload relay 
(upper center). The handle on outside is for making starting and 
running connections. General Electric Co, 


MOTORS, STARTERS AND CONTROLLERS 301 


The same scheme is used for starting three-phase induction 
motors. Fig. 196 shows the conventional diagram, while 
the construction of such a three-phase compensator is shown 
in Fig. 197. Here again the coils may be those of three 
single-phase transformers star-connected, or they may be the 
three coils of a three-phase star-connected transformer. The 
whole coils are connected across the three phases of a three- 
phase line, while only a certain part of each coil is connected 


Starting 
Compensator 


Generator 


Fic. 198. Starting switch for disconnecting compensator. of Fig. 196 
from line and motor after attaining full speed. 


to a phase of the motor. Each phase of the motor, therefore, 
is subjected to only part of the line voltage for starting. 
Fig. 198 gives the wiring diagram for switching the auto- 
starter to the line and the motor phases to the low-voltage 
taps, by the down motion of the switch. Throwing the 
switch up disconnects the auto-starter and throws the motor 
on the full-line voltage. 

When induction motors are operated in inaccessible loca- 
tions, an automatic starter like that of Fig. 199 may be used. 
This device is operated by remote control through push 
buttons and contains a small, motor-driven timer which 
allows the main motor sufficient time to get up to speed on 
low-voltage and then automatically switches the motor on 
the line. 
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It is not necessary, however, to use three coils in a com- 
pensator to operate on a three-phase system. Two coils 


Fig. 199. Automatic starting compensator with thermal overload 
relays and timing relay. General Electric Co. 


Fre. 200. Starting compensator for three-phase induction motor, 
simplified to two auto-transformers in open delta. 


connected in ‘‘ open-delta ” may be used as in Fig. 200. In 
the open-delta connection, note that coil ab is put between 
lines 1 and 2, coil bc between lines 2 and 3, while the third coil 
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which would naturally go between lines 3 and 1 is omitted. 
As a matter of fact, the series combination of coils ab and be is 
really between the lines 1 and 3. The point b of junction 
between the coils ab and bc, and the taps zx and y, are brought 
to the three-phase motor. This puts the low voltage of xb, 
by and zy, or the series combination of xb and by, across the 
three phases of the motor for starting. The wiring connec- 
tions for this device are shown in Fig. 201. 


Fie. 201. Starting switch for disconnecting compensator of Fig. 200 
from line and motor after attaining full speed. 


An induction motor which requires the use of a compensa- 
tor for starting must also be protected against being con- 
nected directly on the line after a power interruption. This 
is generally taken care of in the design of the compensator by 
providing a “ no-voltage ”’ release in the form of a magnet- 
operated latch which holds the operating handle in the 
running position normally, but releases it if power fails. 
In the automatic compensator of Fig. 199, the operating 
solenoid will release if power fails and will not pick up until 
the push button is depressed again. 


Prob. 22-9. Show by vector diagram that the voltage between 
y and x is 110 volts if the voltage from « to b is 110 volts and from 
b to y is 110 volts, when connected as in Fig. 200 to a three-phase 
line, 
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Prob. 23-9. The voltage across the coil of a single-phase auto- 
transformer * is 230 volts. The whole coil contains 450 turns. 
What is the voltage between one end of the coil and a tap, if there are 
200 turns between these two points? 


Prob. 24-9. What is the voltage between the other end of the 
coil of Prob. 23 and the tap? 


Prob. 25-9. It is desired to obtain 65 volts from a 115-volt line 
by means of an auto-transformer wound with 320 turns. Where 
should the coil be tapped? 


102. Star-delta Connection for Starting Induction Motors. 
If the windings of the stator of a three-phase induction motor - 
are star-connected as in Fig. 202, and thrown on to a 220- 
volt three-wire three-phase line, the voltage across each 


phase of the winding will bexm, or 127 volts, or about 58 


Fra. 202. Each of three phases connected in star gets 58 per cent of 
line voltage. 


per cent of the line voltage. The leads from small three- 
phase induction motors are sometimes so arranged that the 
windings can be star-connected in this manner for starting 
and then be delta-connected by means of a double-throw 
switch for running. As can be seen from Fig. 203 the wind- 
ings of the delta-connected motor receive the full-line pres- 


* Auto-transformers cannot be used to step down the high voltage 
of a line in order to bring a low voltage into a building, because one wire 
of the low-voltage system would then be connected directly to the high- 
voltage line. Neither can auto-transformers be used for bell ringing, 
for the same reason; namely, that one wire of the bell circuit would be 
connected to the lighting system, 


MOTORS, STARTERS AND CONTROLLERS 305 


sure, in this case, of 220 volts. To use this arrangement, it is 
necessary to bring out both ends of each winding. This 


Fic. 203. Each of three phases connected in delta gets full-line voltage. 


means that the motor must be supplied with six leads, as 
shown in Fig. 204. 
The switch wiring may be done as in Fig. 204, where throw- 


Fic. 204. Starting switch for three-phase induction motor, arranged 
to connect phases in star for starting and then in delta for running 
after full speed is attained. 


ing the handle down connects the motor coils in star for 
starting, and throwing it up connects the coils in delta for 
running. 
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At the right in Fig. 204 is a switch diagram showing the 
clips which the knife blades engage when thrown either way. 
Thermal overload relays and no-voltage release coils are 
generally used in connection with these switches. 

Prob. 26-9. An ordinary six-pole double-throw switch can be 


used as a star-delta switch. Show the wiring connections when 
such a switch is used. 


Prob. 27-9. Although not as safe an installation, it is possible 
to use a three-pole double-throw switch for the star-delta switch. 
Show the connections for it, when so used. 

103. Starting with Resistance in Series with Stator. 
When no other means are available a polyphase induction 
motor may be started by putting equal resistances in series 
with each phase, and gradually cutting them out (simul- 
taneously in all phases), as the motor gets up speed. The 
simplicity of the construction of this type of starter makes the 
initial cost low, but the resistance grids are bulky, having to 
be large enough to carry the large starting current while con- 
suming a large part of the line voltage, and they consume a 
large amount of power. They are, therefore, expensive to 
operate. 

104. Wound-rotor Polyphase Induction Motors. On 
account of the high reactance and low resistance of the 
squirrel-cage rotor, we have seen that the power factor of 
the current set up in the rotor bars on starting is very low. 
This causes the induced rotor currents to lag far behind the 
induced voltage. The induced voltage in the rotor bars is 
greatest when the densest parts of the rotating field are sweep- 
ing across them. The greatest value of the lagging current 
in the bars must come later than the greatest value of the 
voltage. That is what is meant by a lagging current. Thus 
the current in each rotor bar has its greatest value not at the 
instants when the densest parts of the rotating field are 
sweeping across them, but later, after the main part of the 
field has swept by. Since it is the foree between the current 
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in the rotor bars and the magnetic field which tends to push 
the rotor around, it is desirable that the greatest value of the 
current in each bar should occur as nearly as possible at the 
same time that the strongest part of the magnetic field is 
passing the bar, in order that the greatest torque may be 
produced by a given amount of current, or that the least 
current may be required in order to produce a given torque. 

‘ To bring about this result, resistance may be introduced 
into the rotor circuit to raise the power factor of the rotor 
currents, because the larger the resistance is in comparison 
with the reactance, the greater the power factor, as we have 


Fia. 205. Wound rotor for three-phase induction motor, used where 
high torque and adjustable speed are desired. Compare Fig. 176. 
Westinghouse Elec. & Mfg. Co. 


seen from Chapter VI. The most successful way of intro- 
ducing resistance into the rotor circuit is to wind the rotor 
with insulated wire and bring the terminals out to slip rings 
as is shown in the rotor of Fig. 205. Brushes bearing on 
these rings are connected to adjustable resistance grids. 

In this way enough resistance can be introduced into the 
windings of the rotor to produce at starting (zero speed) the 
greatest force that can be developed for a given amount of 
current. This occurs when the combined resistance of the 
rotor windings and external resistance grids equals the 
reactance of the rotor. 

When the rotor gets up speed the slip decreases rapidly, 
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and we have seen that the voltage induced in the rotor 
becomes very much less, so in order to keep enough current 
to maintain the necessary torque, the resistance is cut out. 
At full load the resistance is dead short-circuited. If the 
short-circuit is made by means of a switch at the grids, the 
brushes, of course, are left bearing on the rings. But if, as is 
sometimes the case, the manufacturer wishes to relieve the 
motor of the friction of the brushes on the rings, a centrifugal 
device, attached to the rotor itself, short-circuits the rotor 
windings, and the brushes are lifted. 

There is usually enough external resistance to cut down ~ 
the starting current to about the full-load current. There- 
fore no compensator or other special starting switch is needed 
with a motor having a wound rotor. However, the neces- 
sity of slip rmgs and brushes adds_a feature to the motor 
which decreases its simplicity and ruggedness and adds parts 
which must be maintained and replaced when worn out. 

105. Speed Control of Polyphase Induction Motors. 
The speed of a squirrel-cage induction motor is fixed by the 
number of poles in the stator, the frequency, and inherent 
slip of the rotor and cannot readily be changed. Accord- 
ingly, when an adjustable-speed alternating-current motor 
is desired we generally use the wound-rotor type. The full- 
load speed of this type can be changed through wide ranges, 
by adjusting the resistance in the rotor circuit. From data 
published on a 25 hp 60-cycle 8-pole three-phase induction 
motor of the wound-rotor type, we find that with all external 
resistance cut out, the full-load speed was 825 rpm. When 
resistance was introduced into the rotor circuit equal to the 
reactance at standstill, the starting force was nearly doubled, 
but the full-load speed fell to 675 rpm. With the maximum 
safe amount of resistance cut into the rotor circuit, the full- 
load speed fell to 200 rpm or less than one-quarter of the 
former speed. Any further increase of resistance would 
lower the speed so rapidly that it would be likely to “ pull- 
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out,” if at any moment a slight increase of load should come 
on the motor. . 

In fact the ‘‘ speed regulation ”’ of a wound rotor is very 
poor, any increase in the load causing a large slowing down 
and any decrease of load causing a large increase of speed. 
The efficiency of the motor is also low, on account of the 
energy consumed in the extra resistance, and the lower speed 
for the same force. 


Prob. 28-9. What was the per cent slip of the above motor at 
full load with the greatest safe resistance in the rotor circuit? 

106. Single-phase Induction Motors. An _ ordinary 
single-phase winding will not produce a rotating field in the 
stator, because no matter how many poles are made around 
the stator, the polarity of all the poles changes at the same 
instant, and thus the magnetic field at all points merely 
reverses its direction. This produces what is called an 
oscillating field. 


Single-phase 
Generator 


Fic. 206. Single-phase, two-pole motor, represented at the instant 
when voltage and pole strength of motor are greatest. 


This can be seen from Fig. 206, which shows the fields of a 
single-phase motor magnetized to their greatest strength, 
because the armature circuit of the single-phase generator 
is cutting magnetic lines at the fastest rate at this instant 
and therefore generating the greatest voltage. Note that 
Pole A of the motor is north and Pole B is south when the 
armature coil of the generator is in this position. Fig. 207a 
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shows the motor field when the armature coil of the generator 
has moved along 45°. Note that the motor field is in the 
same direction, but is weaker, as the generator coil is not in 
position to cut lines so fast. In Fig. 207) the magnetic field 
of the motor has died out because the generator coil has now 
moved 90° from its position in Fig. 206, and is generating 
voltages which exactly neutralize each other, so that the line 


(6) 


(c) (d) 

Fig. 207. Illustrating variation of magnetic field of single-phase motor 
at intervals of one-quarter cycle. Poles change strength and reverse 
but do not rotate. Such a motor has no starting torque. Compare 
Fig. 180. 


voltage is zero. Fig. 207c shows the condition of the motor 
field when the generator coil has reached the 135° position 
and is cutting lines in the opposite direction. Thus the 
motor field has built up in the reverse direction, Pole B now 
being north and Pole A south. 

In Fig. 207d, the generator coil has reached the 180° posi- 
tion and is cutting lines in the opposite direction at the 
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greatest rate. Therefore the magnetic field of the motor is 
at its greatest value again, only in the direction opposite to 
that of Fig. 206. 

Note that in all these changes, the field of the motor has 
merely reversed in direction and no rotating field has been 
produced. Such currents and poles as are induced in the 
rotor by the oscillating field of the stator tend to produce 
équal amounts of torque in opposite ee and the net 
starting torque is, therefore, zero. 

However, if we can get the rotor of a single-phase induction 
motor up to such a speed that it rotates nearly in synchronism 
with the alternations of the current in the stator, then the 
induced currents in the rotor will continue to occupy such a 
position in the magnetic field as to produce force or torque 
tending to keep the rotor revolving even when a load is 
applied to it. It is necessary, therefore, merely to supply 
some means of starting the motor and getting its speed up to 
the point where it develops sufficient torque to keep rotating. 

107. Starting a Single-phase Induction Motor. 

By hand. A small (fractional horsepower) single-phase 
motor can be given enough impulse by hand to make it come 
up to full speed when the power is thrown on. It will run 
equally well in either direction when once started. 

By split phase. Reactance start. Auxiliary coils may be 
wound on the stator as in Fig. 208 and a so-called split-phase 
produced. The coils to form Poles A and A, are the main 
coils of the single-phase stator and when the main switch is 
thrown these coils take current directly from the main line. 
But the coils to form Poles B and B, are smaller and are 
called auxiliary coils. They are connected to the line through 
a reactance, usually of the inductive type, by means of the 
single-pole switch Sj. 

The reactance of the auxiliary coils in series with the 
external reactance is much greater than the reactance of the 
main coils. Thus the current in the auxiliary coils lags far 
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enough behind the current in the main coils to cause the field 
to act somewhat like a two-phase rotating field. Of course 


Reactance Coil 


Fra. 208: Split-phase starting of single-phase motor. Switch S, 
closed only while starting, making an imperfect two-phase motor. 
in a two-phase motor the currents in the two phases are 90° 
apart, but the current in this split phase does not lag 90° 
behind the current in the main windings. “Therefore the 


Fia. 209. Conventional electrical diagram to represent Fig. 208. At 
starting, motor has two circuits with currents less than 90° apart, pro- 
ducing an irregularly rotating field which develops a torque. When 
up to speed, S; is opened and we have a single-phase motor. 


rotating effect of the field is not as good as in a real two-phase 


motor, but it serves to start the motor even under consider- 
able load. 
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After the rotor has attained full speed, the switch S; is 
opened and the motor operates as a single-phase motor. 
Fig. 209 shows more simply the connections of this motor 
and reactance coil. 

By split phase. Resistance start. A more compact and 
cheaper motor can be built if, instead of using an external 
reactance coil as in Fig. 208, the split-phase effect is obtained 
by winding the starting coil B with a high-resistance wire. 
The electrical connections of this type, known as a split- 
phase resistance-start motor, are shown in Fig. 210. The 
switch S is usually opened automatically by a centrifugal 
device when the rotor gets near full speed. 


Resistance winding 


Fig. 210. Circuit diagram of a split-phase, resistance-start motor. 
Switch S is opened by a centrifugal device when the motor gets up to 
speed. 


By split phase. Condenser start. Within recent years 
there has been an increasing use of single-phase capacitor 
motors. These are split-phase motors in which a condenser 
is used in series with the starting winding, as shown in Fig. 
211, in order to obtain the necessary out-of-phase field flux 
for starting. In this case, however, the current in the start- 
ing winding leads the current in the main winding instead of 
lagging. These motors are now frequently made with no 
provision for disconnecting the starting winding. Some 
improvement in power factor results from leaving the con- 
denser in the circuit, and with the improvement in quality of 
condensers which has been made in the last decade, it is found 
that the condensers will stand such continuous service. 
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Furthermore, an induction motor running single phase is 
inherently somewhat noisy because the torque is pulsating at 
twice the frequency of the voltage supply. With the start- 
ing winding and condenser left in the circuit, the magnitude 
of the torque pulsations is reduced by supplying torque from 


Auxiliary field 


Condenser 


Main field 


Fig. 211. Circuit diagram of a split-phase, capacitor-start motor. 


the starting winding out of phase with the torque due to the 
main winding. This results in a considerably quieter motor 
and has led to wide application of the capacitor motor in 
household devices where noise is objectionable. 


Fie. 212. Phase-splitting arrangement for starting a three-phase motor 
on single-phase power supply. S is opened after attaining full speed. 
By split phase. Three-phase winding. A three-phase 
motor after being started will run on a single-phase circuit 
though it will deliver only somewhat less than half the horse- 
power. Fig. 212 shows a method of splitting the phases in 
order to start such a motor, 
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A resistance r and a reactance x are connected in series 
across the line and a tap is taken out at the junction of the 
resistance and the reactance. This tap goes to the third 
phase winding, the other two phases being in series directly 
across the line. When the motor has attained sufficient 
speed the single pole switch S is opened, shutting off the 
current from coil P;. The resistance and reactance are also 
disconnected from the line and the motor then operates as a 
single-phase motor on the coils P, and P, in series. 


Fig. 213. Single-phase induction motor with shading coils (c) in the 
poles, in order to produce a starting torque. At each reversal of volt- 
age a wave of flux sweeps across the face of each pole from a to b. 


Shading coils. The poles of single-phase motors are some- 
times equipped with shading coils. These are copper rings © 
put around about half of each pole as shown in Fig. 213. 
The shading coils are labeled c. When an alternating 
current flows in the main coils on the poles, the changing 
flux cuts the short-circuited. shading coil and sets up an 
opposing current. This opposing current retards the change 
of the flux in that part of the pole which it surrounds so that 
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the changes in the field within the shading coil take place 
later than the changes in the rest of the pole face. This 
causes a sort of magnetic field wave to sweep across each pole 
face and produces the effect of a weak rotating field. This 
effect, however, is enough to start a lightly loaded motor. 

Asarepulsion motor. This method is taken up in the next 
paragraph. 

108. The Repulsion Motor. In the “repulsion motor ”’ 
we have a rotor with a winding quite similar to that employed 
on the armature of a direct-current machine. At uniform 
intervals along this winding, taps are connected to bars in a» 
commutator. The brushes 
which bear upon this commu- 
tator are short-circuited to- 
gether. By shifting these 
brushes into various — posi- 
tions, we may cause the 
motor to turn in either direc- 
tion, or to stand still, when 
the stator windings are con- 
nected to a source of single- 
phase power. The operating 
characteristics of this motor 
Fig. 214. The currents produced in are similar to those of a series 

the short-circuited rotor windings, q-e motor. At zero load, the 


as marked, cannot produce a : 5 : 
; speed goes indefini 
torque with the stator field on ac- P 8 d tely high, 


count of their relative positions. and as the load increases 

the speed decreases but the 

torque becomes correspondingly larger. The starting torque 
is high. 

To understand the operation of the repulsion motor, first 
consider Fig. 214. The single-phase stator winding con- 
nected to line wires L:L2 produces two poles, let us say, at 
N; and 8;. Although the rotor is actually drum-wound, a 
ring winding is shown for simplicity in tracing circuits. A 
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short-circuit (a) is connected between two definite coils 
which are in line with the stator poles. The flux due to the 
stator is in fact alternating, and the polarities marked corre- 
spond only to a particular part of each cycle. The variation 
of flux from N; to S; induces voltages and currents in the rotor 
windings short-circuited at a, and these currents produce 
poles on the rotor in line with the short-circuit — or at NS» 
in Fig. 214. For this position (a) of rotor, there can be no 
torque between N1S; and N.S», regardless of the strength of 
stator flux or rotor currents, since the torques developed 
under each half of any pole 
are equal and in opposite 
directions. 

If the rotor be turned 
by hand into the position 
(b) shown in Fig. 215, 
there will still be zero 
torque. In this case, the 
rotor is in the most favor- 
able position to produce 
torque by interaction be- 
tween rotor currents and 


stator flux. But it may Fig. 215. When the short-circuited 

; rotor of Fig. 214 is in this position, 
easily be seen that the the voltages induced in it by the 
voltages induced in each alternating stator magnetism neutral- 
path of the rotor winding ize one another. Thus there are no 
neutralize each other, so  rotorcurrentsandno torque, although 


that no rotor currents and the rotor is in the most favorable 
1 b position for developing torque if 
no rotor poles can be pro- there were any current. 


duced. 

However, if the rotor be moved to a position somewhere 
between those shown in Fig. 214 and 215, the resultant emf 
induced in each rotor path will be greater than zero, and the 
rotor currents will produce poles on the rotor somewhere 
between the stator poles, as shown in Fig. 216. Here, if the 
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rotor is initially in the position (a), a clockwise torque will 

be exerted on N2S2, and in the position (b) a counter-clock- 

wise torque will be produced on N2'S.'. The torque will not 
reverse as the current alternates, because both stator and 

rotor poles reverse simultaneously. In either case, however, 

this torque will be reduced to zero as soon as the rotor has 

moved enough to bring the short-circuit into position cc, 

midway between stator poles. 


Fra. 216. When the short-circuited rotor of Fig. 214 is in the position 
aa clockwise torque is exerted upon the currents induced init. When 
the rotor is in position b, a counter-clockwise torque is exerted on it. 
In either case, the torque lasts only until the rotor has moved into the 
position cc, when the torque becomes zero. 


To maintain the torque steadily, it is necessary to adopt 
means to keep stationary the points on the rotor winding 
between which the short-circuit is applied. For this purpose, 
the winding is connected as shown in Fig. 217 to a commu- 
tator CC, upon which bear the brushes BB with a short- 
circuit between them. The brushes are shifted out of line 
with the main stator poles VS8:, whereupon there are induced 
in the rotor, by transformer action, currents which produce 
rotor poles at Nz and S2. The stator poles exercise a repul- 
sive force upon these rotor poles and produce thereby a 
torque. By shifting these brushes BB, we may have a torque 


MOTORS, STARTERS AND CONTROLLERS 319 


in either direction, or zero torque. In reality, the internal 
actions become quite highly complicated by the voltages and 
currents that arise in the rotor due to speed as soon as the 
motor begins to turn, but this explanation has been made as 
simple as possible. 


Fia. 217. The repulsion motor. It has a rotor wound like the arma- 
ture of a direct-current motor, the coils being connected to the com- 
mutator CC, upon which bear the short-circuited brushes BB. If the 
brushes are set so as to produce the rotor poles in the regions Ne, Se, 
which are neither in line with the stator poles N; and S; nor at right 
angles, a continuous torque will be exerted upon the rotor. 


109. Repulsion Induction Motors. The straight repul- 
sion motor, which has the characteristics of a series motor, 
has been applied to various purposes for which the latter 
would be suitable — such as driving of railroad cars and 
fans. Its widest application, however, has been as an aux- 
iliary to the single-phase induction motor, to supply the start- 
ing torque which the latter inherently lacks. Fig. 218 shows 
a single-phase induction motor with wound rotor, the rotor 
winding being tapped to a commutator upon which bear 
brushes controlled by a centrifugal governor on the shaft. 
The brushes are short-circuited together and when the motor 
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is at standstill they bear upon the commutator, being set so 
as to produce torque by repulsion motor action when the — 
stator is excited. This torque accelerates the motor to 
nearly synchronous speed, at which point the governor 
connects all the commutator bars together, and at the same 


Fia. 218. Single-phase induction motor with commutator and brushes 
for starting as a repulsion motor. Westinghouse Elec. & Mfg. Co. 


time throws the brushes out of contact with the commutator, 
producing practically a squirrel-cage rotor. The motor then 
operates as a straight single-phase induction motor. 

An interesting variation of the repulsion-induction motor _ 
is known as the “ unity-power-factor motor.’”’? The rotor 
slots contain two distinct windings, a squirrel-cage winding 
of copper bars at the bottom, and a coil winding at the top 
connected to a commutator. The electrical connections 
(with the normal operating characteristics) are shown in 
Fig. 219. As here indicated, there is also placed in the same 
slots with the main winding (M.F.) on the stator an auxiliary 
“ compensating winding ” (2), the use of which is to improve 
the power factor of the motor. Two brushes 5 and 6, in line 
with the stator poles, are short-circuited together, while 
another pair of brushes (7, 8) fixed midway between the 
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stator poles is connected in series with the main field. The 
compensating winding (2) is shunted across the latter brushes 
(7, 8) and there is included in this circuit a switch operated 
by centrifugal force which closes the compensating field only 
after the motor has reached synchronous’ speed. Between 
any two brushes there is of course an alternating induced 


voltage. 
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Fria. 219. Curves illustrating the performance, under various loads, of 
the single-phase, unity-power-factor motor. 


In normal operation this motor has at zero load a slip which 
is negative (speed slightly above synchronism), and the 
power factor is about 70 per cent leading. As the power 
output increases the speed falls and the power factor rises, 
the slip being zero and the power-factor unity at about rated 
load. It should be explained that the power factor may be 
adjusted by shifting connections on the compensating wind- 
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ing, and the direction of rotation may be reversed by revers- 
ing connections between the main field (M.F.) and the 
brushes (7, 8). The motor cannot race under any circum- 
stances, because of the squirrel-cage winding in the bottoms 
of the slots; in this respect it is superior to some other motors 
which lack the squirrel-cage winding and which will race if 
some of the brushes become disconnected. 

110. The Series Motor for A-C Circuits. When the 
direction of current through a direct-current series motor is 
reversed without altering the connections between its field 
and armature windings, the direction of torque and of. 
rotation remain unchanged, because the magnetic poles on 
both field and armature have their polarity reversed at the 
same time by the reversed current which flows through both 
of them. Even if the reversals of current occur rapidly we 
should expect to find that the torque remains unidirectional; 
in other words, the series motor should produce a torque 
tending to turn it in the same direction, when either direct 
or alternating current is sent through it. 

This is in fact the case; but the operation of the motor on 
alternating-current circuits is decidedly inferior to its per- 
formance on direct-current circuits, in the following respects: 

First. The series motor designed for d-c circuits takes 
alternating current at a very low power factor, on account 
of the large amount of inductance in field and armature © 
windings. This is objectionable because with the greatest 
current which may be carried without overheating, the power 
developed will be much lower than for the same value of 
direct current and voltage. 

Second. There would be excessive heating of the field cores 
of a d-c series motor operated on an a-c circuit, involving 
low efficiency and either damage to insulation or reduction 
of power capacity. This is due to large eddy currents 
induced in the solid pole-cores. The armature core is lami- 
nated even in a d-c machine, 
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Third. The d-c series motor would spark excessively at 
the brushes if operated on an a-c circuit. This is due princi- 
pally to alternating voltages and currents induced in the 
coils that are short-circuited through each brush, by the 
alternating flux which links with such coils in its path from 
one field pole to another. 

These difficulties are overcome by special windings to such 
an extent that alternating-current series motors are in suc- 
cessful operation on railway electric locomotives; especially 
where it is necessary to run the same locomotive on alter- 
nating current over part of the system and on direct current 
over another part. An alternating-current series motor 
operates even better on direct current than it does on alter- 
nating current. 


SUMMARY OF CHAPTER IX 


TORQUE is the measure of the tendency which a motor has 
to turn. If the motor exerts one pound force at the rim of a 
pulley of one foot radius, or two pounds force at six inches radius, 
it is developing a torque of one POUND-FOOT in either case. 
The torque, speed and horsepower of any motor are related as 
indicated in the formula: 


Torque (in pound-feet) * Speed (rpm). 


Horsepower = 5266 


EFFICIENCY of a motor is always given by the formula: 


eAicioncy Output 
ciency = Tapert 

This result is usually expressed as a per cent value. 

SYNCHRONOUS SPEED is attained when the rotor moves 
through the angular distance between centers of adjacent poles 
during the time required to complete one-half cycle of the line 
voltage. Synchronous speed is related to the line frequency 
and the number of poles, as indicated by the formula: 


Frequency xX 60 


Sy vo Elaeo = Nowofimairaiof poles. 
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SYNCHRONOUS MOTORS have the following distinctive 
features: 

(a) Direct current must be available to excite the field poles; 
often a small direct-current generator called an ‘‘ exciter’’ is 
coupled to the end of the main shaft. 

(b) They run at constant (synchronous) speed up to the limit 
of their capacity; if too great a load is put upon them, they stop 
abruptly and become practically a short-circuit on the line. 

(c) They cannot ‘‘ race’ under any condition. 

(d) They can be made to take lagging, leading or in-phase 
current from the line, by simply changing the field current from 
a low value to a high value. 

(e) In the smaller sizes they are unstable and likely to. 
‘“ surge ”? or ‘‘ hunt,”’ fall ‘‘ out of step ’’ and stop. 

POLYPHASE INDUCTION MOTORS are the most com- 
mon and useful types of a-c motors. The SQUIRREL-CAGE 
ROTOR type has the following features: 

(a) No electrical connections to the rotor, no slip-rings or 
brushes; very strong and durable construction; requires little 
attention. 

(b) Is self-starting, even when connected to a heavy load. 

(c) Cannot race above synchronous speed under any con- 
dition. 

(d) Drops below synchronous speed but slightly as load in- 
creases up to full load, having the speed-torque characteristics 
of a d-c shunt motor. 

(e) Will carry a large overload before ‘‘ pull-out torque ” is 
reached; then comes rapidly to standstill. 

(f) Has low power factor at starting, also at light loads and at 
heavy overloads. 

(g) Takes large amount of current at starting unless volt- 
age is reduced by auto-transformer or ‘*‘ compensator ”’ for start- 
ing. 
(h) Speed cannot be controlled except by multiple windings 
and change of connections, which gives an abrupt and usually a 
large change of speed. 

INDUCTION MOTOR TORQUE is produced by setting up 
a rotating magnetic field. This field induces currents in the 
rotor winding and the reaction between the rotor current and 
the rotating field of the stator produces rotor torque. In order 
to have currents and torque in rotor, it must rotate slower than 
stator field, by an amount which is called the ‘‘ SLIP.” 
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SLIP of squirrel-cage motors is usually less than five per 
cent at full load; that is, rpm of rotor is 95 per cent of rpm 
of stator field, or greater. At standstill or starting, slip is 100 
per cent and frequency of voltages and currents induced in 
rotor conductors is same as frequency of line.. Rotor frequency 
and rotor reactance are in direct proportion to the slip; the 
ratio of reactance to resistance is large at or near zero 
speed, and consequently the power factor of starting current 
is low. 

WOUND ROTOR may be used instead of squirrel-cage rotor, 
with the same stator, thus enabling the resistance of rotor cir- 
cuit to be increased and to be varied at will. Characteristics 
differ from those of squirrel-cage motor as follows: 

(a) Less current drawn from line by same stator at same 
voltage, when starting. 

(b) Higher power factor of starting current. 

(c) Greater torque possible for any given value of starting 
current. 

(d) Speed may be controlled over a wide range at any load, 
by varying the resistance in external circuit connected to termi- 
nals of rotor winding. 

(e) Speed regulation is relatively poor even with rotor wind- 
ing short-circuited (highest speed and best regulation), and 
becomes worse with greater amount of speed control (or of rotor- 
circuit resistance). 

(f) Efficiency usually lower than for squirrel-cage motor under 
like conditions, becoming rapidly lower with greater amount of 
speed control. 

(g) Slip rings and insulated windings on rotor usually make 
this motor less rugged and more troublesome than squirrel- 
cage. 

(h) Bulky and expensive rheostats and controllers for rotor 
circuit. 

STARTING polyphase induction motors is accomplished by: 

(a) Direct connection to line for small motors, and in some 
cases even up to 100 horsepower. Thermal overload relays 
protect the motor against overheating. 

(b) Compensators or auto-transformers are used for larger 
motors. 

(c) If both ends of each stator phase are brought out, a three- 
phase motor can be started with star connection and run with 
delta connection. 
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(d) Series rheostats in the stator leads. 

(e) With wound rotors, starting resistance may be used in 
rotor circuit. 

PULL-OUT TORQUE is the maximum torque which motor 
can develop without stopping; it is fixed for any motor by its 
design, and is usually from two to three times full-load torque, 
at rated voltage, for polyphase induction motors. For loads 
which fluctuate widely, this fact may determine the size of 
motor required. 

SIZE OF MOTOR should be quite accurately adjusted to 
the load; induction motor too small for its load, overheats and 
develops insulation troubles; too large for its load, operates at 
low power factor and low efficiency. 

STARTING ARRANGEMENTS FOR SINGLE-PHASE IN- 
DUCTION MOTORS comprise the following: 

(a) Small motors will often come up to full speed in either 
direction if given a rapid impulse by hand. 

(b) SPLIT-PHASE windings will produce a weak rotating 
field for starting purposes. Such windings may use external 
inductance or- capacitance, or an internal high-resistance 
winding. 

(c) SHADING-COIL may be used on corresponding tip of 
each stator pole. Rotation will then be in one direction only, 
from unshaded toward shaded pole-tip. 

(d) REPULSION-MOTOR ACTION gives starting torque 
by use of a commutator and brushes. Change from repulsion 
motor to induction motor action is caused at or near full speed 
by centrifugal governor which short-circuits commutator bars 
together and lifts brushes; or by squirrel-cage winding em- 
bedded in bottoms of rotor slots. Such combination is known 
as ‘‘ REPULSION INDUCTION MOTOR.”’ 

REPULSION MOTOR has rotor like a direct-current arma- 
ture, turning within a field exactly like induction motor stator. 
Rotor may turn in either direction or be locked, depending on 
position of brushes. Speed decreases rapidly with increase of 
torque, and is very high at zero load, similar to d-c series motor. 

COMPENSATING WINDINGS are used on the stators of 
some single-phase induction motors, to improve the power 
factor. By suitable adjustments, unity power factor may be 
had, or the motor may be made to take leading current. 

SERIES MOTORS will operate on either d-c or a-c circuits, 
but not equally well. To avoid low power factor, excessive 
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heating and sparking when operated on alternating current, it is 
necessary to design specially both armature and field of the 
motor. 

Single-phase motors in general are larger, heavier and more 
expensive than polyphase motors of the same power, voltage, 
frequency and speed, or than direct-current motors having 
similar characteristics and rating. 


PROBLEMS ON CHAPTER IX 


Prob. 29-9. What is the full-load torque of a 15-horsepower, 
4-pole, 3-phase, 220-volt, 60-cycle induction motor, operating at 4.8 
per cent slip? 

Prob. 30-9. If the full-load efficiency of the motor of Prob. 29 is 
89.6 per cent, what power does it take from the line? 

Prob. 31-9. What is the line current in Prob. 30 if the power 
factor is 76 per cent? 

Prob. 32-9. The driving motor of an electric clock is a small, 
2-pole, synchronous motor. Operating on a 60-cycle supply, what 
gear ratio is required between the motor shaft and the hour hand of 
the clock? 

Prob. 33-9. If the motor of Prob. 32 draws 5 watts and has an 
efficiency of 10 per cent, what torque does it deliver? Express 
result in inch-ounces. 

Prob. 34-9. An eight-pole synchronous motor is rated to run at 
450 rpm. On a line of what frequency will it run at this speed? 

Prob. 35-9. At what speed will the synchronous motor of Prob. 
34 run if connected to a 25-cycle line? 

Prob. 36-9. Draw the wiring diagram of a three-phase squirrel- 
cage motor with resistance starter. 

Prob. 37-9. Draw the wiring diagram of a three-phase wound- 
rotor induction motor with external-resistance speed control. 

Prob. 38-9. A squirrel-cage induction motor having 12 poles is 
rated as having 5.5 per cent slip on a 60-cycle circuit at full load. 
What is the speed in revolutions per minute? 

Prob. 39-9. Construct eight diagrams similar to Fig. 180 (a to 
h) for the split-phase motor of Fig. 208, assuming that the current 
in the split phase is 60° out of phase with the current in main pole 
windings. 
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Prob. 40-9. Construct a wiring diagram showing the proper 
connections for reversing the motor of Fig. 208. 


Prob. 41-9. Construct 8 diagrams similar to 180 (a to h) for the — 
motor as connected in Prob. 40-9. 


Prob. 42-9. An auto-transformer has 350 turns. Where would 
you tap it to obtain 35 volts if there are 115 volts across the termi- 
nals of the transformer? 


Prob. 43-9. An auto-transformer has 900 turns. Between one 
end and a tap, there are 725 turns and 85 volts. What is the voltage 
between the outside terminals? 


Prob. 44-9. It is desired to raise a single-phase line voltage of 
110 volts to 125 volts for a single-phase motor. Show how it could 
be done by tapping an auto-transformer of 600 turns. 


Prob. 45-9. A transformer coil having 1250 turns in series is 
connected across a 220-volt line. A load of 25 kw in 110-volt 
incandescent lamps is connected between one end of the coil and a 
tap to its middle point. Assuming the losses in the coil-to be 
negligibly small, what current must be drawn from the 220-volt 
line? What current is delivered at low tension to the lamps? 
Where does the difference of these currents come from? 


Prob. 46-9. It is a fact, which may be proved theoretically and 
experimentally, that the torque which an induction motor exerts at 
any given value of slip is directly proportional to the square of the 
voltage applied to the stator; thus, for half voltage we should get 
one-quarter as much torque for the same slip. What should be the 
torque when starting with a star-delta switch, expressed as per cent 
of torque which would be obtained if the motor phases were delta- 
connected directly to the line at starting? 


Prob. 47-9. At starting, when the slip is always 100 per cent, 
the impedance and power factor of each phase of an induction motor 
remain unchanged for all practical values of starting volts and start- 
ing current. The apparent power (volt-amperes) and real power 
(watts) when starting by star-delta switch, bear what percentage 
relations to the corresponding values which would be taken if the 
motor were thrown delta-connected directly upon the line at 
starting? 


Prob. 48-9. A certain wound-rotor induction motor when 
started with a dead short-circuit across its rotor rings, with half 
rated voltage impressed on its stator, takes two times normal full- 
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load current at 50 per cent power factor. If enough resistance is 
inserted in the rotor circuit externally so that the motor takes two 
times rated current when started with full rated voltage on the 
stator, what will be the power factor of the starting current (approxi- 
mately)? 


Prob. 49-9. If the external resistance added to the rotor circuit 
of the motor in Prob. 48 were sufficient to reduce the starting current 
to 100 per cent normal, at normal voltage on stator, what then would 
be the approximate value of power factor of the motor at starting? 


Prob. 50-9. What would happen if the brushes were all lifted 
from the slip rings of a wound-rotor induction motor? 


Prob. 51-9. A three-phase induction motor with 8 poles, con- 
nected to 60-cycle mains, turns 750 rpm. What is the frequency 
(cycles per second) of the currents induced in the rotor? What 
frequency in rotor for speed of 450 rpm? 


Prob. 52-9. At starting, the reactance of the rotor circuit of a 
certain wound-rotor polyphase induction motor is two times its 
resistance, and the starting current is two times full-load current. If 
the resistance of the rotor circuit be doubled, to what percentage of 
rated-load current will the starting current be lowered? Voltage is 
same in both cases. 


CHAPTER X 
CONVERTERS AND RECTIFIERS 


Because alternating-current power can be more cheaply 
transmitted over great distances at high voltage and trans- 
formed to low voltages for industrial uses, over ninety per 
cent of all the electric power generated in the United States - 
is alternating current. There are, however, many direct- 
current power systems, which represent a large investment, 
and it would not be economically wise to convert them to 
alternating-current systems. Moreover, it is of some ad- 
vantage to use direct current, particularly in street railway 
systems. In certain applications such as electroplating, bat- 
tery charging, and in radio transmitting and receiving equip- 
ment, it is absolutely necessary to have direct-current power 
available. For this reason it often becomes necessary to 
convert or rectify alternating-current power into direct- 
current power. For the conversion of large amounts of 
power it is customary to use either a synchronous converter 
(commonly called rotary converter), or a polyphase mercury- 
arc rectifier. These devices may also be used for the con- 
version of smaller amounts of power, or one of several types 
of low-power rectifiers may be used. 

111. The Synchronous Converter. Construction. Di- 
rect-current power may always be obtained from a motor- 
generator set consisting of two distinct machines mechani- 
cally connected, one an alternating-current motor and the 
other a direct-current generator, and under some conditions 
this combination is used. A synchronous motor is often 
used as the driving motor; the direct-current generator is 
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usually of the compound type. Such a set is shown in 
Fig. 220. 

But instead of using two coupled machines it is possible, 
and generally preferable, to combine the two into one ma- 
chine, the converter. A synchronous (or rotary) converter 
is merely a machine which is a combination of a synchronous 
motor of the revolving armature type and a direct-current 
generator. Such a machine is shown in Fig. 221. The al- 


Fig. 220. Motor-generator converter. The motor on the left is a 
synchronous motor operating on 2300 volts. The direct-current 
generator delivers 150 kw at 250 volts. General Electric Co. 


ternating current enters the armature windings through the 
collector rings shown at the right of the machine and causes 
the armature to turn in synchronism with the alternations 
of the current as explained in Chapter IX. We thus have a 
revolving armature with an alternating current surging back 
and forth through the windings. We are already familiar 
with the fact that the armature windings of a direct-current 
generator always carry such alternating currents, and that 
a commutator properly connected to the windings is all that 
is necessary to deliver direct current to a set of brushes. 
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We have, therefore, only to tap at proper points the wind- 
ings of the revolving armature of the synchronous motor and 
connect these taps to the proper segments of a commutator 
in order to deliver direct current to a set of brushes bearing 
on the commutator. The commutator is shown at the left 
of the converter in Fig. 221. 


Fic. 221. Synchronous converter. Alternating current is received at 
the collecting rings on the right and direct current is delivered at the _ 
brushes bearing on the commutator at the left. 


Thus the same armature fitted with both collecting-rings 
and a commutator, revolving in a field separately excited 
from an outside source of direct current, receives alternating 
current at the rings and delivers direct current at the com- 
mutator. Such a machine is called a synchronous converter 
and may be regarded as a synchronous motor having the 
revolving armature fitted with a commutator, or as a direct- 


current generator the armature of which is fitted with col- 
lecting rings, 
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112. Ratio of the Alternating Voltage to the Direct Volt- 
age of a Synchronous Converter. 

Single-phase. Consider the diagram of a simple single- 
phase synchronous converter shown in Fig. 222. The poles 
N and S are excited by direct current from an outside source. 
Alternating-current power is delivered to the collecting-rings 
A and B from an outside source. Through these rings the 
lead wires M and N deliver the alternating current to the 
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Fig. 222. Diagram of the armature windings and connections of a 
single-phase synchronous converter. At this instant the maximum 
value of the alternating voltage is being delivered through the rings 
to the armature at the tapping points a and b, causing it to rotate as 
marked. The induced voltage marked by arrows on the armature 
windings is being delivered to the brushes B; and Bz. 


armature winding at the two tapping points a and 5, situated 
180 electrical degrees apart from each other. At the instant 
shown in Fig. 222 the alternating voltage (and current, at 
unity power factor) would be at a maximum, and, considering 
the lead M positive at this instant, the armature current 
would cause the armature to rotate counter clockwise as in- 
dicated. There would then be set up in the armature wind- 
ings an induced voltage as marked in the coils. Note care- 
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fully that whatever current the alternating line voltage may 
force through the armature windings at this instant must be 
forced against the induced voltage and must therefore pro- — 
duce a motor effect tending to turn the armature in a counter- 
clockwise direction. 
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Fic. 223. The armature of Fig. 222 has turned through 90°. The 
impressed alternating voltage between the tapping points is zero at 
this instant. The induced voltage between the brushes B; and B; is 
the same as in Fig. 222. 


Note also that an alternating current at this instant can 
flow directly from the wires M and N through the neutral 
coils to the direct-current brushes without going through the 
armature. Any appliance attached to the brushes B; and Bz 
would at this instant receive all its power directly from the 
alternating line. 

Let us assume, for the sake of simplicity, that the arma- 
ture resistance and reactance are negligibly small, and that 
the losses and reactions can be neglected, as is practically 
true when the converter is running idle. Under these con- 
ditions, the voltage induced in the windings is practically 
equal to the impressed voltage. Now the induced voltage is 
the voltage which is delivered by the armature to the 
direct-current brushes, and the impressed voltage is the 
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maximum instantaneous value of the impressed alternating 
voltage. 

When the armature has turned through 90°, the induced 
voltage between the taps a and b becomes zero (Fig. 223). 
But since the machine is in synchronism and in phase with 
the line voltage, the impressed voltage between the rings AB 
at this instant has also become zero. There is thus no cur- 
rent in the wires M and N. The direct voltage across the 
brushes, B; and Bz, however, will be the same as before. 


3-Phase 
Line 
O50 Guy Dt 0 10} 


Rotation 


Fic. 224. Diagram of a three-phase three-ring converter. The im- 
pressed three-phase alternating voltage is brought to the three 
equidistant tapping points abc on the armature. The induced volt- 
age is delivered as before to the d-c brushes B; and Bz. 


We thus have a direct voltage at the brushes which is equal 
to the maximum value of the alternating voltage at the rings. 
Of course the alternating voltage applied to the rings is rated 
in terms of the effective value, which is always 0.707 of the 
maximum value. Thus the alternating voltage at the rings 
of a single-phase converter is about 0.707 of the direct voltage 
at the brushes; the voltage consumed in forcing the current, 
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against the armature resistance causes this ratio to vary 
slightly from 0.707 at full load. 

Two-phase. Inatwo-phase (four-ring) converter, the sec- 
ond phase is tapped at points midway between the single- 
phase taps, the voltage across one phase being at a maximum 
when it is zero across the other 
phase. Thus the voltage across each 
phase of a two-phase tapping is the 
same as the voltage across a single- 
phase tapping. Accordingly, the 
alternating voltage in each phase of ~ 
a two-phase converter, also, is 0.707 
of the direct voltage. 

Three-phase. For the voltage 
relations in a three-phase converter, 
consider Fig. 224 and 225. -The 
three leads are tapped into the arma- 
ture windings at three equi-distant 


pitas 2 


Fie. 225. To produce be- 


tween brushes BiB, a 
direct voltage represented 
to scale by the length ad 


requires that there be 
impressed between three- 
phase a-c rings a voltage 
whose maximum instan- 
taneous value is repre- 
sented to the same scale 
by ab or be or ae, or whose 
voltmeter value is 0.707 
times ab or bc or ca. 


points a, b and c (that is, with eight 
coils between any two taps), and 
brought out to their respective slip 
rings A, Band C. The alternating 
voltage impressed on the rings is thus 
applied to the armature at these 
three points and causes the armature 


to rotate as a synchronous motor. 

Fig. 225 represents the voltage relations in the armature 
windings of the three-phase converter in Fig. 224. The 
length of the solid lines ab, be and ca represents the maxi- 
mum values of alternating voltage applied to the armature 
windings. The length of ad represents the direct voltage 
between the brushes on the commutator. If these lines are 
drawn to scale and if the armature windings are laid out on 
a perfect circle, then the length of either ab, bc or ac will be 
0.866 of the length of ad. 
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Thus the maximum value of the alternating voltage is 
0.866 of the direct voltage. But we always measure the 
alternating voltage by its effective value which is 0.707 of 
the maximum value. Thus the effective value of the alter- 
nating voltages is 0.707 of 0.866, or 0.612, of the direct volt- 
age, in a three-phase three-ring converter. 

To sum up: 

Ratio of ALTERNATING VOLTAGE TO Drrect VourTacE 


Ideal. Actual. 
Single- or two-phase................. 0.707 Osis 
Three-phase * (three-rings)........... 0.612 0.62 


Example 1. A 220-volt 50-kw single-phase synchronous con- 
verter will require what alternating voltage at the rings? 

Solution. The alternating voltage of a single-phase converter is 
0.707 of the direct voltage. 


Alternating voltage = 0.71 X 220 
= 156 volts. 


Example 2. What current will flow in the a-c leads to this con- 
verter, if the efficiency is 90 per cent, at unity power factor? 
Solution. If 50 kw (output) is 90 per cent of the power put into 


? . 50 
the converter, the whole power input is 0.90 = 55.6 kw. 


watts 
volts X power factor 
55,600 
156 X 1.00 
= 356 amperes. 


Current = 


Prob. 1-10. What a-c voltage must be supplied to a single-phase 
converter delivering 2500 kw at 550 volts? 


Prob. 2-10. At 94 per cent efficiency and 0.95 power factor, 
what current must each a-c lead of the converter in Prob. 1 carry? 


* The three-phase transformers may be so connected to a three- 
phase converter having six rings that the alternating voltage is 0.707 of 
the direct voltage. This is called a diametrical three-phase connection. 
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Prob. 3-10. What would be the alternating voltage of the con- 
verter in Prob. 1 if it were a two-phase machine? 

Prob. 4-10. What current would each a-c lead of converter in 
Prob. 3 carry at 94 per cent efficiency and 0.95 power factor? 

Prob. 5-10. If the converter of Prob. 1 were a three-ring three- 
phase converter, what would be the voltage between rings? 


Prob. 6-10. At 0.95 power factor and 94 per cent efficiency, 
what current would each a-c lead of the converter in Prob. 5 carry? 


113. Control of the Direct Voltage of a Synchronous 
Converter. A synchronous motor always operates at a 
constant speed in synchronism with the alternations of the . 
current. Thus, varying the field strength will not affect the 
speed. It merely affects the power factor of the alternating 
current taken by the motor. Similarly, we have seen that 
the direct voltage is always a certain number of times as 
large as the-alternating voltage. The field strength of the 
synchronous converter does not affect the direct-current 
voltage. Too small a field current merely causes the alter- 
nating current to lag behind the voltage and too high a field 
strength causes the alternating current to lead the voltage. 
Thus we say that when the field is under-excited the con- 
verter has a lagging power factor and when over-excited it 
has a leading power factor. 

Accordingly, when we wish to change the direct voltage, 
we naturally resort to the method of changing the alternating — 
voltage, knowing that a corresponding change will take place 
in the direct voltage. The alternating voltage is sometimes 
controlled by tapping the secondaries of the transformers so 
that by means of switches any required changes can be made 
in the alternating voltage applied to the rings in order to 
produce the desired change in the direct-voltage at the 
brushes. 


Example 3. If it is desired to raise the direct voltage of the 220- 
volt single-phase converter of Example 1 to 230 volts, what change 
must be made in the alternating voltage? 
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Solution. The alternating voltage required for a single-phase 
converter in order to deliver 230 volts direct current equals 0.71 X 
230, or 163 volts. 

The 220-volt converter of Example 1 had an alternating voltage 
of 156 volts. 

The alternating volts would therefore have to be raised from 156 
to 163, or 7 volts, in order to raise the direct voltage from 220 volts 
to 230 volts. 


_Prob. 7-10. What change in the alternating voltage of the con- 
verter in Prob. 1 would have to be made in order that the converter 
may deliver 600 volts direct current? 


Prob. 8-10. If the alternating voltage for the converter in Prob. 
1 were obtained from 2100 turns of a transformer, how many more 
turns would have to be included in the next tapping interval in order 
to produce the alternating voltage required for the converter in 
Prob. 7? 


114. Rectification of Alternating Current. In many cases 
where direct-current power is required, some form of recti- 
fier may be used instead of a rotating machine. Because of 
the modern, high-power rectifiers which are now available, 
many applications of rectifiers are being made in service 
which formerly required the use of motor-generators or ro- 
tary converters. 

A rectifier in general is characterized by the property of 
conducting current in one direction only. If a direct-current 
voltage is applied with correct polarity to a rectifier element, 
the resistance of the element will be relatively low. If the 
polarity of the voltage is reversed, the resistance of the ele- 
ment will be relatively high. Now if an alternating voltage 
is applied to the rectifier element, it will conduct current more 
freely in one direction than in the other; hence there will be 
an average flow of current in a single direction. This is equiv- 
alent to saying that the rectifier element drawsa direct current, 
even though the impressed voltage is alternating. In actual 
use, of course, we do not simply connect the rectifier across 
the alternating-current line. Instead, we connect a rectifier 
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or a combination of rectifiers in series with a load to which 
we wish to supply direct current. The rectifier then permits 
current to flow through itself and the load in one direction 
and blocks the reverse flow of current in the load. 
An ordinary single-pole knife 
wee Ss switch may be considered a sim- 
A-C ple form of rectifier. In Fig. 
226 the switch S is connected 
Fig. 226. A knife switch may be jn geries with the lamp L. 
eee rectify the supply to 45 an alternating-current line 
i Under these conditions the 
wave form of the current in the lamp will be that shown in Fig. 
227. Let usimagine some mechanical device that is capable of 
opening and closing the switch S very rapidly, and arrange it 
to close the switch at point 1 (Fig. 227), open it at point 2, 
close at 3, open at 4, etc. 
The resulting current 
which flows in the lamp is 
then as shown in Fig. 228. 
Note that by this process 
of opening and closing a 
switch in synchronism 
with the alternations of the 
supply voltage, we have stopped the flow of current com- 
pletely in one direction. The current which flows is not a 
steady current in this case, but it is a form of direct current 
known as unidirectional current. Any rectifier which pro- 


Via. 227. Wave form of unrectified 
alternating current. 


1 2 3 4 5 
Fia. 228. Wave form from “ half-wave ”’ rectifier. 


duces a current of the form shown in Fig. 228 is called 4 
“half-wave ” rectifier, from the fact that only one half of 
‘the original alternating-current wave form appears. 
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If the single-pole switch of Fig. 226 is replaced by a double- 
pole reversing switch as shown in Fig. 229, the action of a 
“full-wave”’ rectifier may be represented. Referring to 
Fig. 227, the switch is thrown to the right at point 1, to the 
left at point 2, right at point 3, etc. The current which then 


Fie. 229. A double-pole Pra. 230. Wave form — HY falle 
switch represents the action wave ”’ rectifier. 
of a full-wave rectifier. 


flows through the lamp is shown in Fig. 230. Comparing 
this current with that of Fig. 228, we see that instead of 
merely preventing the flow of current in one half of the cycle 
and leaving gaps between pulses of current, the lower half 
cycles of the original wave are folded up and fill in the spaces 
between the upper half cycles. By this means, we are able 
to double the current capacity of the rectifier for the same 
alternating-current voltage applied. Furthermore, the “ full- 
wave ”’ current is much smoother than the “ half-wave ” 
current and thus approaches more closely the action of a 
true direct current. 


Rectifier 
115. Single-phase Rectifier Connec- = 
tions. The circuit of Fig. 231 represents 
schematically the essential connections 


of a single-phase, half-wave rectifier. Fra. 231. Schematic 
The symbol marked “ rectifier”’ indi- epresentation of a 
cates that this device allows current to ‘isle-phase, _half- 
: ; : waverectifier supply- 
flow in one direction and prevents the iets hoautanoc load. 
flow of current in the opposite direction. 
Hence the current can flow during only one half-cycle and 
the wave form must be as shown in Fig. 228. 

Fig. 232 shows a-common type of circuit used for obtain- 
ing single-phase, full-wave, rectified current. This circuit is 


“ag 
} 


A-C supply 
Load 
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used extensively in radio receivers and in power supplies for 
amplifiers (see Par. 121). The alternating-current supply 
is connected to the primary of a transformer T. The second- 
ary of this transformer has a tap 
T de at the center point of the winding 

marked 6. 
: Consider the half cycle during 
cone | eee which the voltage at a is positive 
and cis negative. Current then 
Rectifier? flows away from a, through recti- 
Fig. 232. Schematic repre- fier 1, back through the load to ~ 
sentation of a single-phase, 1int 6, and through the trans- 

full-wave rectifier supplying 5 ee A 

Piokd. former winding to pointa. For 

the polarities given, no current 
can flow from d through rectifier 2 because that rectifier 
blocks the flow of current from d to c. 

Now if we reverse the polarities, we find that current flows 
from c through rectifier 2, back through the load to point 6, 
and through the transformer winding to point c. No current 
can flow from d to a because of the opposition of rectifier 1. 

Comparing the directions of current for the two half- 
cycles, we find that in both cases the current in the load flows 
from d to 6, and is therefore unidirectional. Furthermore, 
each half cycle contributes to the load current, and the cur- — 
rent is therefore full-wave, as shown in Fig. 230. 


Fig. 233. Bridge connection of a single-phase, full-wave rectifier. 


Rectifier 1 


The circuit shown in Fig. 233 represents a method of se- 
curing full-wave rectified current with an ordinary trans- 
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former, using no center tap. This is known as a “ bridge ” 
circuit and uses four rectifiers instead of two. However, the 
transformer is simpler and need be built to deliver only half 
the voltage required in Fig. 232, for the same value of recti- 
fied voltage. In operation, if point a is positive, current 
flows only through the path abcd, since rectifiers R. and R; 
permit current to flow and R, and R, block current flow. 
With reversal of polarity, point d becomes positive, and the 
direction of current is dbca. In either case the direction of 
current through the load is from 6 to c, and this is a full-wave 
current. 


Prob. 9-10. Compare the current ratings of the secondary 
windings of the transformers in Fig. 232 and 233. 


Prob. 10-10. Assuming that the loads in Fig. 232 and 233 take 
the same current and voltage, and that there are no losses in the 
rectifiers or transformers, compare the volt-ampere rating of the 
two primary windings of the transformers. 


116. Polyphase Rectifier Connections. Whenever large 
amounts of power are to be rectified, as for example in elec- 
tric railway power supplies, it is more economical to trans- 
mit the alternating-current power by the three-phase system. 
The rectifier is built to operate directly from a three-phase 
supply or from a six-phase supply. 

Fig. 234 shows the essential parts of a three-phase recti- 
fier. A set of transformers is connected with the primaries 
Ap, Bp, and Cp in delta, and the corresponding secondaries 
As, Bs, and C's in star connection. The secondary terminals 
a, b, and c then feed through the rectifiers 1, 2, and 3 to a 
common junction d, and the load is connected between d and 
the neutral point n of the secondary star. If we trace one of 
these secondary circuits, that of transformer A, for example, 
when point a is positive current flows from a through recti- 
fier 1, through the load to point n and thus completes the 
secondary circuit. No other current path is possible for the 
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current supplied by the transformer A because of the blocking 
action of the other rectifiers. 

Note that as far as any single secondary of Fig. 234 is con- 
cerned, the circuit is essentially the same as that of Fig. 231. 
In other words, the three-phase circuit illustrated is really a 


Three-phase supply 


Fic. 234. Schematic representation of a three-phase rectifier. 


group of half-wave rectifiers. In Fig. 235, which shows the 
resultant voltage across the load, it will be noted that, phase 
1 supplies a half-wave component, followed at 120-degree in- 
tervals by half-wave contributions from phases 2 and 3. The 
dotted lines represent the waves from the individual phases 


\ 1\ \ is \ \ 
U n\ MN He 1) \ tx \ 
‘ \ 


(fo \ \ \ 1 
Fie. 235. Form of voltage wave from a three-phase rectifier. 


and the solid line represents the resultant voltage. Note that 
although this voltage is produced by half-wave rectifiers, be- 
cause of the 120-degree spacing of the individual components, 
the load voltage never becomes zero as it did in Fig. 228 and 
230. 

By extending the secondary of each transformer on both 
sides of the neutral connection, it is possible to produce a six- 
phase circuit as shown in Fig. 236. This circuit is one com- 
monly used in actual polyphase rectifiers. The operation of 
this circuit can more easily be grasped by referring to Fig. 
237 which shows the secondary connections for transformer 
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A only. It will be observed that transformer A is supplying 
full-wave rectified current to the load, exactly as the rec- 


Three phase supply 


Fia. 236. A six-phase rectifier is composed of a set of three-phase, 
full-wave rectifiers. 


tifier circuit in Fig. 232. Hence, a six-phase rectifier of the 
type shown in Fig. 237 is really a three-phase, full-wave rec- 
tifier. 


Prob. 11-10. Draw a dia- 
gram similar to Fig. 235 show- 
ing the wave shape of the 
voltage produced by the recti- 
fier of Fig. 237. 


Prob. 12-10. Draw a 


schematic diagram, similar to 
Fig. 236, of the connections 14. 237. Part of the cireuit of Fig. 


for a two-phase, full-wave 236 showing one of the full-wave 
rectifier. rectifiers. 

Prob. 13-10. Draw a diagram, similar to Fig. 235, showing the 
voltage wave produced by the rectifier of Prob. 12. 


117. Voltage Relations in Rectifier Circuits. The output 
voltage of a rectifier in which we are interested is the value 
indicated on a direct-current voltmeter, that is, the average 
value. Since the output voltage wave of a rectifier has the 
same maximum amplitude as the alternating-current input 
voltage, except for the drop in the rectifier element itself, 
there is always a definite relation between the average direct- 
current output voltage at no load, and the alternating-current 
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input voltage. In the table below, this relation is expressed 
in two ways: first, the ratio of the average direct-current 
voltage to the effective value of the alternating-current volt-_ 
age; second, the ratio of the average direct-current voltage 
to the maximum alternating-current voltage (1.41 times the 
effective value). 


‘ d- ] d- It. 
Roctifocconnestion Average d-c volts | Average d-c volts 


Effective a-c volts | Maximum a-c volts 
Single-phase, half-wave .......... 0.450 0.318 
Single-phase, full-wave........... 0.900 0.636 
Three-phase, half-wave .......... 1.170 0.827 
Two-phase, full-wave............ 1.273 0.900 
Three-phase, full-wave (six-phase) . 1.350 0.955 


Example 4. A three-phase, half-wave rectifier supplies direct 
current at an output voltage of 3000 volts. What is the effeetive 
line voltage of the three-phase supply? 

Solution. From the table of rectifier voltage ratios we find that 


Average d-e volts 
Effective a-c volts 


= 1.17 


for a three-phase, half-wave rectifier. Hence 


Effective a-c volts = ~ = 2565 volts. 


This, however, is the voltage between the neutral and any line of 
the alternating-current supply. The line voltage is 1.73 K 2565 
or 4440 volts. 


Prob. 14-10. If the same line voltage as in Example 4 were 
used to supply a three-phase, full-wave rectifier, what would be the 
direct-current output voltage? 


Prob. 15-10. What line voltage would be required in Prob. 14 
to produce the same direct-current voltage as in Example 4? 


118. Types of Rectifiers in Commercial Use. A number 
of different types of rectifiers have been developed to meet 
the requirements of various applications. These applica- 
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tions range all the way from the large units which supply 
power for electric railways, to the very tiny units used in cer- 
tain kinds of electric instruments. 

The mercury arc rectifier is the type used where large 
amounts of rectified power are required, particularly for 
electric railway supply. It is also built in smaller capacities 
for general use, such as storage-battery charging. - 

.Vacuum-tube rectifiers are used extensively in applica- 
tions which require a high-voltage, low-current supply. 
They are used for this purpose in radio transmitters and re- 
ceivers, X-ray power supplies, high-voltage testing equip- 
ment, etc. 

Gaseous conduction rectifiers are now displacing vacuum- 
tube rectifiers in certain applications, particularly in radio 
receivers, because of their higher efficiency. The construc- 
tion is similar to the vacuum type but they cannot be used 
at the higher voltages. 

Copper-oxide rectifiers are used principally in low-voltage 
applications such as battery charging and telephone power 
supply. They are also made in very small sizes for use in 
electric instruments. This permits a direct-current meter 
to be used for measuring alternating currents and voltages 
over a wide frequency range. 

Miscellaneous rectifiers such as the electrolytic type and 
the synchronous vibrator type have been quite important in 
the past but have now been almost entirely displaced by the 
types listed above. 

119. Mercury Arc Rectifiers. This is by far the most 
important rectifier at present for high-power installations. 
Fig. 238 shows the connection diagram for a small rectifier 
of this type used in single-phase, full-wave connection. This 
rectifier is built in a glass tube and represents a type which is 
still in wide use for low-power work. 

The glass tube containing the mercury is exhausted until 
a very low pressure is obtained. There are two wells, B and 
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X, which contain mercury, and two positive graphite elec- 
trodes A and A’, generally called the anodes. 

The anodes A and A’ are connected to opposite sides of 
the line from the transformer. A coil of high reactance but 
of low resistance (7, — Tz) is also connected across the trans- 
former. One side of the load is connected to the middle point 
C of the reactance coil, and the other side to the large mer- 

ee. cury well at B. The small mercury 

pool at X, which is merely used to start 

the arc, is connected through a resist- 

ance FR and switch S to one side of the: 
transformer line. There is such a high 
resistance offered by the gap between 
the mercury wells that it would take 
several thousand volts to start a cur- 
rent through it, so a starting device is 
necessary. With the switch S closed 
the tube is tilted until a bridge of mer- 
cury is formed across the space between 
Band X. This offers a path from wire 
D through resistance R, from X to B, ° 
through the load to C, through half the 
Fig. 238. Connection reactance coil 7, to the other side of 
diagram for a single- the circuit H. An alternating current 
phases radial would therefore flow through this path. — 
fer. Z ee" Tf the tube is now tilted back, an arc is 
formed which vaporizes some of the mer- 

cury and so charges it with electricity that the resistance is cut 
down between the points A’ and B and between the points A 
and 6B. Now mercury vapor possesses the quality in common 
with almost all metallic vapors of allowing a current.to pass 
easily in one direction and hardly at all in the other direction. 
Thus the current can now easily pass from either A or A’ to 
B, depending upon whether A or A’ happens to be positive 
at this instant. If A’ happens to be positive, a current is 
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immediately set up through the vapor between A’ and B, 
and flows from A’ to B, through the load to C, through 7; to 
the other side (D) of the transformer B. At the next instant 
A’ has become negative and A positive. Practically no cur- 
rent can flow back from B to A’, but since A is now positive, 
a current flows from A to B through the vapor, then through 
the load to C, through 7: to the side E of the transformer. 
Thus the current through the load is always in one direction. 
But the mercury arc has some properties of any other arc, 
— it requires a voltage to maintain it. Now when £ is 
changing from positive to negative, or vice versa, there is an 
instant when the voltage is zero, and at this instant the are 
tends to go out. The inductive reactance of the coils 7, and 
T, is used for the purpose of preserving the are. For, as 
we have seen, a current is set up in 7; before the voltage 
‘from A’ to B dies out. This current, during the decay of 
the voltage from A’ to B, tends to keep up its strength 
because of the inductance of the coil 7, and thus jumps 
through the vapor from A to B forming a local circuit, — 
from A to B, through the load, through 7; to A again. So, 


Three-phase supply 


Fic. 239. Schematic connection diagram for a three-phase, half-wave, 
mercury-are rectifier. Compare with Fig. 234. 


even before A becomes positive on account of the secondary 
transformer voltage, a current is already flowing from A to 
B, and it is merely increased by the rising positive voltage 
from A to B. Thus the currents overlap one another, as it 
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were, and maintain a resultant current flowing through the 
tube continuously. 


Fia. 240. A 3000-kw, 625-volt, mercury-are rectifier. 
General Electric Co. 


In polyphase mercury-are rectifiers, no special provision 
is necessary for maintaining the arc because the spacing of 
the polyphase voltage vectors is such that at least one anode 
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is always positive and the arc is automatically maintained. 
Fig. 239 shows the connections of a three-phase, half-wave, 
mercury-arc rectifier. The anodes A;, Az and A3 are sup- 
plied from the star-connected transformer secondaries A sg, 
Bs and Cs, respectively. With the switch S closed, the 
starting anode M is dipped into the mercury pool and then 
withdrawn. The arc thus established transfers to whichever 
of the running anodes is at the highest positive potential. 
During operation the arc transfers from one anode to the 
next as the rotation of the three-phase voltage vectors causes 
successive anodes to have the highest positive voltage. 
Modern rectifiers of this type are built in steel tanks with 
vacuum pumps provided to maintain the low pressure which 
is required. Fig. 240 shows a steel-tank rectifier rated to 
Wilkos? maae deliver 3000 kw at 625 volts. 

120. Vacuum-tube Recti- 

fiers. When direct-current 

power is required at rela- 

Filament tively high voltages and low 
nee, currents, the vacuum-tube 
rectifier is frequently used. 


The essential elements of 
Glass bulb 


Plate 


Glass seal 


Filament 


Plate lead | 
(a) (0) 
Fic. 241. (a) Construction of a high-voltage, vacuum-tube rectifier. 
(b) Symbol used to represent this rectifier in circuit diagrams. 


the tube are shown in Fig. 241 (a); Fig. 241 (6) shows 
the symbol used to represent this tube in circuit dia- 
grams. A plate made of thin metal bent into an open cyl- 
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inder is supported within a glass bulb. Inside the plate, but 
not touching it, there is supported a filament of tungsten 
which can be heated to incandescence by passing a current 
through the leads which act as the filament support. This 
entire assembly is carefully sealed within the tube and the 
tube is then pumped to a “ hard ” vacuum, eliminating all 
gases from the tube. 

If the filament of this tube is 
cold, no appreciable current will 
be conducted when a voltage is 
applied between the filament and ~ 
the plate. However, if the fila- 

_ ment is hot, current will flow across 
Rie, 202, ee ee ate space between the elements 
fier circuit using a vacuum- : ee 

eb core when the plate is positive, but 

‘ will. not flow when the plate is 
negative. This tube therefore can be used as a rectifier.* 

Fig. 242 illustrates the use of a vacuum-tube rectifier in a 
half-wave circuit. The transformer has two secondaries, S 
and F’, supplied from the primary P. Secondary F is a low- 
voltage winding used to heat the filament of the tube. A 
center tap is provided on the filament-heating winding so that 
the high-voltage secondary S can be connected, through the 
load, across the plate and filament of the tube. Two tubes — 
of this type are generally used when a full-wave output is 
required, although some low-voltage, vacuum-tube rectifiers 
are made with two plates and a single filament in one bulb 
for use in full-wave circuits. Because of the more efficient 


A-C 
supply 
vu 


Load current 


* The action of this device depends upon the fact that a hot, metallic 
filament emits electrons which can then be attracted toward the plate 
by a positive voltage. The motion of these electrons constitutes a flow 
of negative current (positive current flows from plate to filament). 
Since the plate is cold, it does not emit electrons and no current can 
flow when the polarity is reversed. For a more complete description 
of the action of these tubes see Chapter XV of “ Elements of Elec- 
tricity,” by W. H. Timbie (John Wiley and Sons, Inc.). 
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operation of gaseous-conduction rectifiers for low-voltage 
service, the use of vacuum-tube rectifiers is now generally 
restricted to high-voltage applications, such as in X-ray tube 
supplies, and in high-voltage testing equipment. For this 
type of service tubes have been designed to deliver as high 
as 100,000 volts direct current. 


Prob. 16-10. Draw a circuit diagram of a full-wave rectifier 
supplying a resistance load, using two vacuum tubes as rectifiers. 
A single transformer is to be used, having a secondary with a center 
tap, and one filament-heating winding with a center tap. 

121. Gaseous-conduction Rectifiers. The principal draw- 
back of the vacuum-tube rectifier is the large voltage-drop 
between plate and filament when the tube is operating. This 
is overcome by putting a small amount of a gas such as argon, 
or mercury vapor, within the glass tube after the air has been 
pumped out. Otherwise, the construction of the tube is 
similar to that of the vacuum-tube rectifier. Current is con- 
ducted only when the plate is positive with respect to the 
filament. Because of the gas or vapor which is present, an 
arc is established between plate and filament and the voltage 
drop is quite low, usually less than 20 volts. No reactors are 
necessary as in Fig. 238 to maintain this arc, however. Be- 
cause of the heated filament, conduction is started just as in 
the vacuum-tube rectifier and the arc is established by the 
current which thus flows. 

One of the earliest tubes of 
this type is that known as the 
“Tungar.” The name comes 
from the use of a tungsten fila- 
ment and argon as the gas. Fic. 243. Half-wave rectifier cir- 
Its principal use is in charging cuit for battery charging. 
storage batteries. Fig. 243 
shows a typical circuit (note that this tube is represented 
by the same symbol as in Fig. 2416), and Fig. 244 is a 
battery charger using these tubes. 
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The most widely used type of gaseous-conduction recti- 
fier is the one with mercury vapor. Practically all alternat- 
ing-current radio receivers now contain a rectifying tube of — 
this type to supply the direct-current voltages required. 
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Fie, 244. A “ Tungar” battery charger. General Electric Co. 


They are generally made with two filaments and two plates 
inside one glass tube, and are used in full-wave circuits. 
Fig. 245 illustrates the use of a full-wave tube supplying a 
resistance load; the symbol used merely includes an addi- 
tional plate so that the tube appears to have two plates, P, 
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and P2, and a common filament, F. If the two halves of the 
tube are represented by the conventional symbols used in 
Fig. 232 it will be found that the circuit of Fig. 245 is ex- 
actly the same as that of Fig. 232. 


A-C supply 


Fie. 245. Mercury-vapor tube with two plates used as a 
full-wave rectifier. 


122. Copper-oxide Rectifiers. If a copper disc is heated 
under proper conditions, a layer of copper oxide can be formed 
on one side of the disc. Now if two lead plates are pressed 
against the two faces of the disc, as shown in Fig. 246, it will 
be found that current flows more readily from the copper 
oxide to the copper than in the opposite direction. Usually, 


A-C supply 


Gaacen Varaos Copper oxide 
copper oxide 


Clamping bolt electejca!ly 


—< Direction of connects two ends bat is 
current flow insulated from centar diseq 
‘in rectifier 
‘Lead plates Load 
Fia. 246. Basic element Fia. 247. Cross-section of copper- 
of the copper-oxide oxide rectifier assembly. Com. 
rectifier. pare Fig. 233. 


a group of these rectifying elements is assembled as shown in 
Fig. 247, and by comparison with Fig. 233 it will be found 
that the circuits are identical. Thus, this type of rectifier 
is generally used in full-wave circuits because of the simple 
construction required for such service. 

The copper-oxide rectifier is used extensively as a means 
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of obtaining small amounts of direct-current power. Fig. 
248 shows a complete rectifier for battery-charging service. 
It will be noted that metallic fins are provided between the 
rectifying discs to facilitate cooling and thus increase the 
rating of the rectifier. 


Fic. 248. A copper-oxide rectifier. General Electric Co. 


123. Rectifier Load Circuits. ‘‘ Smoothing” Filters. 
The current from a synchronous converter is the same as that 
delivered by a direct-current generator and can be used 
wherever direct-current power is required. Many recti- 
fiers, however, deliver current with pulsations of large ampli- 
tude and such current cannot be used in all applications. 
For example, if it were supplied to a circuit containing an in- 
ductance with a solid iron core, the pulsations would set up 
eddy currents and would also cause hysteresis loss. If a poly- 
phase rectifier is used, this pulsation or “ripple ”’ is not so 
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serious and by connecting an inductive reactance in series 
with the load the ripple can be considerably decreased. 

In battery charging, the wave form of the direct current 
is of no importance. It should be noted, however, that 
charging current does not flow during the entire half cycle 
of voltage. It cannot begin to flow until the instantaneous 
value of the rectified voltage exceeds the battery electromo- 
tive force, and ceases to flow when the rectified voltage is less 
than the battery voltage. It is the maximum value of the 
direct-current voltage which determines whether or not a 
charging current will flow and not the average value. In 
fact, it is possible to charge a battery with a rectified voltage 
which has an average value (as read by a direct-current volt- 
meter) which is less than the battery voltage. The peak 
values of the rectifier voltage are, of course, greater than the 
battery voltage. 


A-C supply 
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Fig. 249. Full-wave rectifier and smoothing filter. 


When a rectifier is used to supply power for an amplifier 
or a radio receiver, it is necessary to eliminate practically all 
the ripple in the output wave by using a “ smoothing ”’ filter. 
If this is not done, the ripple is amplified in the receiver and 
the noise due to it will prevent reception entirely. 

A typical rectifier and smoothing filter is shown in Fig. 249. 
The full-wave rectifier circuit is the same as that shown in 
Fig. 245. The output of the rectifier is then passed through 
a series-parallel combination of condensers and inductances 
before it reaches the load resistance R. A condenser will not 
conduct a steady direct current, but it offers a low impedance 
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to a varying voltage. Hence the condenser C, in Fig. 249 
conducts the ripple component of the rectifier output readily 
but the steady component does not flow through the con- 
denser. The inductance ;, on the other hand, passes the 
steady component of current readily but tends to block the 
ripple component and causes more of it to flow through C1. 
The output after passing through LZ, will not be steady enough 
usually, so the condenser C, and inductance Lz again reduce 
the ripple and allow only steady current to pass. Finally, 
condenser C3 is inserted to by-pass the remaining small 
amount of ripple so that the voltage reaching the resistance 
R is practically free of ripple. The load resistance & is com- 
monly used as a voltage divider so that direct-current voltages 
of several values can be supplied to different parts of the receiver. 


SUMMARY OF CHAPTER X 


CONVERTERS and RECTIFIERS are devices for changing 
alternating-current power into direct-current power. Syn- 
chronous (or rotary) converters and motor-generators are 
used for supplying large amounts of power. The mercury-arc 
rectifier can also be used for large power requirements, but 
most rectifiers are used for low-power applications. 

MOTOR-GENERATOR CONVERTER consists of an a-c 
motor mechanically coupled to a d-c generator. The following 
distinguishing features are to be noted: 

(a) Motor and generator windings are electrically separate; 
(b) no definite or necessary voltage ratio between a-c input 
and d-c output; (c) motor may feed directly from high-voltage 
a-c mains without transformers, while delivering d-c power 
at low or moderate voltage; (d) direct-current voltage may be 
easily controlled independent of all adjustments on the a-c side. 

SYNCHRONOUS CONVERTER or ROTARY is essentially 
a direct-current generator with collecting-rings added, each 
ring being connected electrically to certain commutator bars. 
On account of changed distribution of current in armature wind- 
ing, synchronous converter can handle more power without 
overheating than same machine used as straight d-c generator 
driven mechanically; hence usually commutator and brushes 
are larger and more prominent than in same size d-c generator. 


CONVERTERS AND RECTIFIERS 359 


Other special features to be noted, as follows: 

(a) Fixed ratio exists between voltage at a-c rings and volt- 
age at d-c brushes, which necessitates that transformers be 
used between converters and high-voltage a-c transmission 
line; (b) range of control over d-c voltage is not wide, and 
requires either special transformer taps and switches on a-c 
side, or change of power factor with special reactors; (c) effi- 
ciency is higher than that of a motor-generator set; (d) size, 
cost and space required are less than for a motor-generator 
converter of equal capacity. 

RATIO of effective voltage between a-c rings to constant 
voltage between d-c brushes is 


0.71 for a single-phase (two-ring) converter. 
0.71 for each phase of a two-phase (four-ring) converter. 
0.62 for each phase of a three-phase (three-ring) converter. 


The current ratio depends upon power factor at which con- 
verter is operated, and its efficiency. Synchronous converter 
is really a synchronous motor and a d-c generator combined in 
one machine, and its power factor may be easily adjusted by 
changing the field current, as in any synchronous motor. A 
certain field strength (normal) produces unity power factor; a 
higher strength (over-excited) makes converter take leading 
reactive volt-amperes; a lower strength (under-excited) makes 
converter take lagging reactive volt-amperes. 

TO CHANGE VOLTAGE BETWEEN D-C BRUSHES of a 
synchronous converter, we must change voltage between a-c 
rings in like ratio. This may be done by: 

(a) Having taps for various voltages on the transformers. 

(b) Having sufficient reactance between transmission line 
and rings of converter; then, voltage at rings is raised by over- 
exciting the converter, causing it to take a leading component of 
current through the inductive reactance. 

RECTIFIERS are devices which conduct current in one direc- 
tion only. By allowing only half of an a-c wave to pass, a uni- 
directional current flows and this current hasan average d-c value. 

A HALF-WAVE rectifier merely blocks the flow of current 
during one half of the a-c cycle. A FULL-WAVE rectifier sup- 
plies unidirectional current during both halves of the a-c cycle. 

POLYPHASE RECTIFIERS may be either half-wave or 
full-wave. A much steadier output current is obtained as the 
number of phases is increased. 


360 ESSENTIALS OF ALTERNATING CURRENTS 


The OUTPUT VOLTAGE of a rectifier can be changed only 
by changing the a-c supply voltage. 

The most common TYPES OF RECTIFIERS are: 

(a) Mercury-arc rectifiers, used either in single-phase or 
polyphase circuits. They are built in large sizes for electric 
railway supply. 

(b) Vacuum-tube rectifiers, used principally in high-voltage, 
low-current, applications. 

(c) Gaseous-conduction rectifiers, now used in many appli- 
cations where vacuum-tube type was formerly used. Prac- 
tically all radio receivers now built have this type of rectifier. 
Also used extensively in storage-battery chargers. 

(d) Copper oxide rectifiers, used principally in low-voltage 
applications. Also used in electric instruments so that d-c 
meters will read a-c voltages and currents. 

MERCURY ARC rectifiers for high-power work are usually 
polyphase. The anodes and the mercury pool are enclosed in 
a steel tank which is kept evacuated by an auxiliary pump. 
Their operation depends upon property of metallic arc, that 
current may pass into a metal electrode from its vapor, but not 
from the metal into the vapor. 

VACUUM-TUBE RECTIFIER consists of a heated filament 
and a cold plate spaced apart inside an evacuated glass tube. 
Current can pass from the plate to the heated filament but not 
in the opposite direction. 

GASEOUS-CONDUCTION RECTIFIER is built almost the 
same as the vacuum-tube type, but contains a small amount of 
inert gas or mercury vapor. The effect of the gas is to reduce 
the internal voltage drop of the tube and thus improve its effi- 
ciency. 

COPPER-OXIDE RECTIFIER depends for its action on the 
fact that current passes readily from a layer of copper oxide to 
the underlying pure copper, but does not pass readily in the 
opposite direction. 

SMOOTHING FILTERS are required between rectifiers 
and certain types of loads in order to reduce the pulsation 
or ripple in the rectifier output. In some cases a simple 
series inductance or shunt capacitance is sufficient. In radio 
receivers, it is necessary to use combinations of shunt con- 
densers and series inductances in order to obtain a steady 
output voltage. 


PROBLEMS ON CHAPTER X 


Prob. 17-10. What must be the alternating voltage of a 50-kw 
230-volt single-phase synchronous converter? 

Prob. 18-10. If the converter of Prob. 17 is operated at 90 per 
cent efficiency and 95 per cent leading power factor, what current 
would each a-c lead have to carry? 


_ Prob. 19-10. What current would each a-c lead of the converter 
in Prob. 18 carry if it were a two-phase machine? 


Prob. 20-10. What current would each a-c lead of machine in 
Prob. 18 carry, if it were a three-ring three-phase converter, oper- 
ating at 90 per cent efficiency and 95 per cent power factor? 


Prob. 21-10. What a-c voltage would the converter of Prob. 17 
require if it were a six-ring diametrically-connected converter? 


Prob. 22-10. What current would each lead of the converter in 
Prob. 21 carry if it operated at 90 per cent efficiency and 95 per cent 
power factor? 


Prob. 23-10. It is desired to raise the direct voltage of a single- 
phase converter from 220 to 230 volts. How many turns must 
there be between taps on a transformer to produce the necessary 
change in the alternating voltage, if the alternating voltage for 220 
direct volts is obtained from 1850 turns? 


Prob. 24-10. Answer the question in Prob. 23 if the converter 
is a three-phase three-ring machine. 


Prob. 25-10. If the voltage of a three-phase 2300-volt line were 
applied directly to the rings of a three-ring three-phase converter, 
what should be the voltage between the direct-current brushes? 


_ Prob. 26-10. Two slip rings are added to an ordinary direct- 
current generator to make a single-phase synchronous converter. 
The machine has two poles, two sets of brushes (one positive and 
one negative), and 36 commutator bars. If we number the bars 
consecutively starting with any one, and connect one of the rings to 
Bar No. 1, to which bar should the other ring be connected? If the 
machine is rated 115-volts d-c, what a-c voltage should we impress 
between rings? 

Prob. 27-10. If we desire to make a three-phase three-ring syn- 
chronous converter out of the d-c generator of Prob. 26, and we 
361 
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connect Ring No. 1 to commutator Bar No. 1, to which bars should 
rings No. 2 and No. 3 be connected, respectively? What a-c volt- 
age should be impressed between rings? 


Prob. 28-10. Consider that the d-c generator of Prob. 26 had 
four poles and four brush sets (two positives, bearing on commu- 
tator bars 1 and 19, let us say, and two negatives bearing on bars 10 
and 28 at the same instant). To what commutator bars should each 
ring be tapped, to make a two-ring converter? 


Prob. 29-10. Solve Prob. 28 for a three-phase three-ring con- 
verter. Note that each ring must be connected to all bars which 
at the same instant will be similarly situated under north poles, in 
order that the currents and heating shall be uniformly distributed ~ 
in the armature winding. 


Prob. 30-10. A three-phase 500-kilowatt 650-volt synchronous 
converter receives power through three single-phase transformers 
from a three-phase 11,000-volt circuit. The high-tension windings 
of the transformers are connected in delta and the low-tension wind- 
ings in wye. What should be the current and voltage rating of the 
high-tension and of the low-tension windings of each transformer, 
assuming that the rotary shall be able to operate at 0.90 power 
factor and 0.94 efficiency at full load? 


Prob. 31-10. Draw a diagram showing how you would use four 
single-phase, vacuum-type rectifier tubes to produce a full-wave 
output, using the bridge type of connection shown in Fig. 233. 


Prob. 32-10. It will be noted in the table of rectifier voltage 
ratios on page 346 that a single-phase, full-wave rectifier produces 
twice the d-c voltage of a single-phase, half-wave rectifier. How- — 
ever, a three-phase, full-wave rectifier does not produce twice the 
voltage of a three-phase, half-wave rectifier. Explain. 


Prob. 33-10. A full-wave rectifier in an automobile service 
station delivers an open-circuit d-c voltage of 45 volts. Assuming 
no voltage drop in the rectifier, how many 6-volt storage batteries 
connected in series can be charged by this rectifier? 


Prob. 34-10. Five 6-volt 10-ampere batteries are to be charged 
simultaneously with two 16-volt 5-ampere batteries and one 8-volt 
10-ampere battery. (a) How would you arrange them? (b) Us- 
ing a half-wave rectifier and assuming no voltage drop in the 
rectifier, what open-circuit d-c voltage must the rectifier deliver in 

_ order to charge the batteries arranged as in part (a)? 
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TABLE I 
Powkr Factors anpD Reactive Factors 


Power Reactive Angle in Power Reactive 

degrees. factor. factor. degrees. factor. factor. 
0 1.000 . 000 46 .695 119 
1 .999 017 47 682 731 
2 .999 035 48 669 743 
3 .999 052 49 656 755 
4 .998 070 50 643 766 
5 . 996 087 51 629 TOE 
6 .995 105 52 616 788 
7 .993 122 53 602 799 
8 .990 139 54 588 809 
9 .988 156 55 574 819 
10 985 174 56 559 829 
i! 982 191 57 545 839 
12 978 208 58 530 848 
13 974 225 59 515 857 
14 970 242 60 500 866 
15 966 259 61 485 875 
16 961 276 62 469 883 
17 956 292 63 454 891 
18 951 309 64 438 898 
19 946 326 65 423 906 
20 940 342 66 407 914 
21 934 358 67 391 921 
22 927 375 68 ys) 927 
ae 921 391 69 358 934 
24 914 407 70 342 940 
20 906 423 fel 326 946 
26 898 438 72 309 951 
27 891 454 73 292 956 
28 883 469 74 276 961 
29 875 485 75 259 966 
30 866 500 76 242 970 
31 857 515 ul 225 974. 
32 848 530 78 208 978 
33 839 545 79 191 982 
34 829 559 80 174 985 
35 819 574 81 156 988 
36 809 588 82 139 990 
iff 799 602 83 122 993 
38 788 616 84 105 995 
39 Ge 629 85 087 996 
40 766 643 86 070 998 
41 755 656 87 052 999 
42 743, 669 88 035 999 
43 731 682 89 017 999 
44 719 695 90 000 1.000 
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Table of Allowable Carrying Capacities of Wires 


The following table, showing the allowable carrying capacity of 
copper wires and cables of 98 per cent conductivity, according to the 
standard adopted by the National Board of Fire Underwriters, must be 
followed in placing interior conductors. 

For insulated aluminum wire the safe carrying capacity is 84 per cent 
of that given in the following tables for copper wire with the same kind 
of insulation. 


TABLE II 
Table B. 
B& 5. gage Area in circular mils. Hubb eae Other heen 
number. amperes. amperes. 
18 1,624 3 6 
16 2,583 6 10 
14 4,107 15 20 
12 6,530 20 30 
10 10,380 25 35 
8 16,510 35 50 
6 26,250 50 70 
5 33,100 55 80 
4 41,740 70 90 
3 52,630 80 100 
2 66,370 90 125 
1 83,690 100 150 
0 105,500 125 200 
00 133,100 150 225 
000 167,800 175 275 
200,000 200 300 
0000 211,600 225 325 
300,000 275 400 
400,000 325 500 
500,000 400 600 
600,000 450 680 
700,000 500 760 
800,000 550 840 
900,000 600 920 
1,000,000 650 1000 
1,100,000 690 1080 
1,200,000 730 1150 
1,300,000 770 1220 
1,400,000 810 1290 
1,500,000 850 1360 
1,600,000 890 14380 
1,700,000 930 1490 
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TABLE IV 


TABLE ofr REACTANCE OF WIRE LINES 
Reactance in ohms per 1000 ft. of each wire at 60 cycles. 


Equivalent distance between centers of conductors. 
ee Par. 81.) 


23 in. | 3 in. 


14 solid... . .|0.0689|0.0848/0.1008/0.1079/0.1101 
12 sotid.... .|0.0636)0. 0.0952)0.101 |0.1048 
10 solid.....|0.058 |0. 0.0902|0.0953|0.0995 


8solid.....|0.0535]0. 0.0848/0.0899|0.0941 

6 solid... ..|0.0475/0. 0.0795|0.0846|0.0888 

4 solid... ..|0.0425}0. 0.0741|0.0793/0.0834 

4 stranded. |0. : 0.0712]0.0764|0.0805 

3 stranded. |0. 0.0686|0.0738|0.0779 

2 stranded. |0. i 0.0659]0.0711/0.0752 

1 stranded.|0. : 0.0632|0.0684/0.0725 

O stranded. |0. 3 0.0603}0.0654)0.0696 
00 stranded. |0. f 0.0577/0.0628/0.0670 
000 stranded. |0. ‘ 0.0550)0.0601/0.0643 
0000 stranded. i 0.0523]0.0575|0.0616 


Note. For the reactance of lines using 25 cycles, multiply the table values by 33. 
For 40 cycle values, multiply the table values by 48. 


TABLE V 


VaLuges oF Maxtmum VoLttTacE Drop ALLOWANCE FOR LOADS WHICH 
IncLupE Lamps 


In voltage between wires for 


In per cent. 


115 
volts. 


1.72 
1.15 
2.88 


5.75 
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TABLE VI 


FULL-LOAD CURRENT oF INDUCTION Morors* 


2-phaset 3-phase 
Amperes at Amperes at 


220 440 550 
volts. | volts. 


SSO COSOD SCOCOO COON 
SSO C000 SCOOO CORE 


SSSoS SO05D SO5Oo SoNs 
S200 S000 CODD SCAN 


5 
.0 
0 
0 
0 
cia 
.0 
.0 
20 
5.0 
0 
.0 
0 
0 
a0 
0 


415.0 |208.0 


* For full-load current of 208- and 200-volt motors, increase the corresponding 220- 
volt motor full-load current by 6 and 10 per cent, respectively. 

+ Values of current are for 2-phase, 4-wire system. For single phase motors, double 
corresponding current of 2-phase motor. Current in common wire of a 2-phase, 
3-wire system is 1.41 times value in table. 
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TABLE VII 
Wire Sizes RegurreD ror Motor WIRING 
Full-load Minimum Full-load Minimum 


motor cur- wire size- | motor cur- wire size- | 
rent-amperes. rubber insulation. rent-amperes. rubber insulation. 


165 0000 
180 0000 
185 250,000 C.M. 
200 250,000 C.M. 
210 300,000 
220 300,000 
230 350,000 
240 350,000 
250 400,000 
260 400,000 
270 500,000 
320 ~ 500,000 
340 600,000 
360 600,000 
380 700,000 
400 700,000 
420 800,000 
440 800,000 
460 900,000 
480 900,000 
500 1,000,000 
520 1,000,000 
540 1,100,000 
560 1,200,000 
580 1,200,000 
600 1,300,000 
200,000 C.M. 625 1,400,000 
200,000 C.M. 


APPENDIX 369 


TABLE VIII 
Power Factor or Inpuction Morors* 
(Two- and Three-phase) 


Power factors. 


Horse-power. 


a 
(= 
° 
i] 
Q 


sesoococs 
00H IM ID 
ONS 


HB ATS 
ooooossS 


BCOMOoMmoOrAIN 
Or OmPOIOO 


* For 60 cycles; 25-cycle motors are practically the same. 


TABLE IX 
DrEMAND Factors FOR Moror Loaps* 


No. of motors. Character of load. Demand factor. 


Individual drives — tools, ete. 
Individual drives — tools, etc. 
Individual drives — tools, etc. 
Individual drives — tools, ete. 
10 Individual drives — tools, ete. 
20 Individual drives — tools, etc. 
1 Group drives 
2 or more Group drives 
al Fans, compressors, pumps, etc. 


2 or more Fans, compressors, pumps, etc. 


The above values make no allowance for future increase in the load. 
* Ratio of probable maximum load to connected load. 


TABLE X 
EQUIVALENT DISTANCE BETWEEN ConDUCTORS IN THREE-WIRE SYSTEMS 
Formula: equivalent distance = VY product of the three distances. 


Distance be- ; , 
tween adjacent | }in. | 1 in. 
wires 


Equivalent 
distance.. .| 0.63 | 1.26 | 2.52] 3.15]3.78]5.04] 6.3 | 7.56 /10.08 


INDEX 


A Condenser, 105, 106 


A-c current (see CURRENT, AL- 


TERNATING) 
A-c power (see POWER) 
Algebraic sum, 110 


Alternating current (see 


also 


CURRENT, ALTERNAT- 


ING) 
nature of, 20 
wave form, 23 

Alternator, 198 


action of, 106 
capacitance of, 166 
construction, 108 

for motor starting, 313 
impedance of, 107 

in rectifier circuits, 357 
phase defect, 166 
Pyranol, 108 
reactance of, 107, 164 
synchronous, 273 


Conductor, 106 
Controllers, 269 
Converter, 330 


Ampere-turns, 30 
Anode, 348, 351 


Apparent power, 82, 90 
Are, in field coils, 65 
Armature, 198 
Auto-starter, 297 
Auto-transformer, 298 


B 


Back voltage, 62, 67 
Balanced load, 200 


motor-generator, 12, 331 
power-factor of, 338 
single-phase, 333 
substation, 9 
synchronous, 12, 18, 330 
three-phase, 336 
two-phase, 336 

voltage control, 338 
voltage ratios, 333, 337 


Balanced polyphase system, 200 


Copper-oxide rectifier, 347, 355 
Battery charging, 353 


Core, transformer, 37, 41 
Current, alternating, 


Cc 


Capacitance, 166 
Cathode, 351 
Central Power Station, 1 
Circuits, tuned, 170 
Coil, field due to, 28 

in transformer, 42 
Compensators, 297 
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active component, 120 

effective value, 145 

in four-wire three-phase system, 
211 

in induction motor, 284 

in parallel circuits, 122 

in series circuits, 122 

maximum value, 145 
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Current (cont.) 
nature of, 20 
reactive component, 120 
rectification of, 339 
starting, 285 
three-phase, 199, 206 
unidirectional, 340 
“usual,’’ 242 
vector diagram, 118 
wave form, 23 
Cut-out, fused, 40 
Cycle, 22 


D 


Delta, open, 302 

Delta connection, 187 

Delta-delta connection, 217 

Demand factor, 237, 241, 269 

Diesel generator, 2, 3 

Direct current, in inductive cir- 
cuit, 64 


E 


Effective current, 145 
Effective power, 82, 90 
Effective voltage, 145 
Efficiency, 271 
Electromagnet, 31 

impedance of, 59 
Electrons, 106, 352 
Equivalent distance, 255, 369 
Exciter, 198 
Exciting current, 71 


Fr 


Farad, 166 
Feeder, wire size, 228, 240, 249, 
253 
Field, 
about wire, 30 
magnetic, 25 


INDEX 


Field (cont.) 
magnetic, due to current in coil, 
28 
rotating, 276 
Field switch, 65 
Filament, 351 
Filter, ‘‘ smoothing,’’ 356 
Flux, magnetic, 27 
Four-wire, three-phase system, 211 
Frequency, 22 
effect on impedance, 167 
resonant, 172 
Full-wave rectifier, 341 


G 


Gaseous conduction rectifiers, 347, 
353 

Generator, polyphase, 197 

Grounding, 44 


H 


Half-wave rectifier, 340 

Heating of transformer, 73 

Horsepower, 81 
measurement of, 270 


I 


Impedance, 57 
of condenser, 107 
of iron-core coil, 61 
of parallel circuits, 161 
of series circuits, 158 
units of, 57 
variation with frequency, 167 
vector diagram, 155 
Induced voltage, 24, 143 
Inductance, 67 
back voltage, 68 
inertia effect, 68 
Induction, 24 
Induction coil, 35 


INDEX 


Induction motor, 
polyphase, 274 
power factor of, 103 
Inductive circuit, 67 
growth of direct current in, 64 
power in, 82 
Inductive reactance, 61 
Insulator, 106 
Tron core, effect of, 61 


K 


Kilovar, 88 
Kilovolt, 73 
Kilovolt-ampere, 73 
Kilowatt, 81 


L 


Lag, angle of, 96, 140 
Lead, angle of, 103, 140 
Leading power factor, 103 
Lenz’s Law, 67 

Lines of force, 25, 26 
Load center, 16 


M 


Magnetic alloys, 33 

Magnetic circuit, 41 

Magnetic field, 25 

effect on reactance, 61, 62 
Main, wire size, 228, 235, 249, 252 
Maximum current, 145 
Maximum voltage, 145 
Mercury-arc rectifier, 12, 14, 347 
Mesh connection, 187 
Microfarad, 167 

Motor-generator, 12, 331 

Motors, 269 

compensators for starting, 297 
demand factor, 369 

fuse sizes, 296 

induction, 274 

normal currents, 367 
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Motors (coné.) 

power factor of, 104, 369 

reversing direction, 288 

selection of, 287 

series, 322 

single-phase (see SINGLE- 
PHASE MOTOR) 

speed control, 308 

starting current, 285 

starting equipment, 293, 297 

synchronous, 23, 271 

three-phase, 289 

wire sizes, 368 

wound rotor polyphase, 306 


N 


Neutral, grounding of, 45 
Neutral wire, 211 
No-voltage release, 303 
Nucleus, 106 


O 


Open-delta connection, 302 
Overload relay, 294 


P 


Parallel circuits, 
current in, 122 
impedance of, 161 
power in, 96 
voltage, 131 

Phase, 140, 180 
defect angle, 166 

Plate, 351 

Pole, magnetic, 26 

Polyphase circuit, 180 

Polyphase generator, 197 

Polyphase motor, 274 

Polyphase system, 180 
three-phase, 181, 185 
two-phase, 180, 182 
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Power, 

advantages of a-c, 7 

angle, 85 

apparent, 82, 90 

direct-current, 81 

effective, 82, 90 

from vector diagram, 137 

graphical representation, 84 

in inductive circuit, 82 

in non-inductive circuit, 81 

in parallel circuits, 96 

lagging power factor, 96 

measurement in three-phase sys- 
tem, 218 

reactive, 88, 90 

relations, 90, 92 

three-phase, 207, 208 

two-phase, 184 

Power factor, 82 

combined lead and lag, 108 

correction of, 104, 273 

equation for, 82 

lagging, 96 

leading, 103 

of induction motor, 284 

of motors, 369 

of synchronous converter, 338 

relation to reactive factor, 134 

special motor, 321 

table, 363 

use of power-factor table, 86 


INDEX 


Primary coil, 36 
Prony brake, 270 


Q 


Quadrature component, 190, 204 
Quarter-phase, 181 


R 


Railway motors, 323 
Rating of transformer, 73 
Reactance, 61 
cause of, 62 
condensive, 164, 165 
effect of frequency, 168 
of condenser, 107 
vector diagram, 156 
Reactance starting, 311 
Reactive factor, 88 
equation for, 89 
relation to power factor, 134 
table, 363 
use of reactive-factor table, 89 
Reactive power, 88, 90 
lagging and leading, 96 
Rectification, 339 
Rectifier, 330 
battery charger, 353 
commercial types, 11, 346 
copper-oxide, 347, 355 
full-wave, 341 


Power station, central, 1 

Power transformer, 38 

Power transmission, 
electrical, 5 
high-voltage d-c, 8 


gaseous conduction, 347, 353 
half-wave, 340 

industrial, 11 

load circuits, 356 
mercury-are, 12, 14, 347 


line, 5, 6 polyphase, 343 
long lines, 16 single-phase, 341 
loss, 7 


smoothing, 356 
substation, 9 
transformer connections, 344, 


345 


inethods of, 2 
short-line, 12 
three-phase, 14, 16 


Rectifier (cont.) 
vacuum-tube, 347, 351 
voltage relations, 345 

Relay, overload, 294 

Repulsion-induction motor, 319 

Repulsion motor, 316 

Resistance, 
effect of frequency, 167 

-for motor starting, 306 
vector diagram, 156 

Resistance starting, 313 

Resonance, 170 

Revolving field, 198 

Right-hand rule, 
for field due to a coil, 32 
for induced voltage, 27 

Rotating field, 276 

Rotor, squirrel cage, 274 


s 


Secondary, coil, 36 
Secondary, grounding of, 44 
Series circuit, 
at resonance, 173 
current in, 122 
impedance of, 158 
voltage, 132 
Series motor, 322 
Shading coils, 315 
Single-phase motor, 309 
condenser start, 313 
repulsion-induction, 319 
repulsion, 316 
series, 322 
shading coils, 315 
split phase, 311, 313, 314 
starting of, 311 
unity-power-factor, 321 
Single-phase system, 180 
voltage drop, 229, 241, 244 
Single-phase wiring, 227, 235 
Skin effect, 167, 261 
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Slip, 283 
“ Smoothing ”’ filter, 356 
Solenoid, 31 
Speed control, 308 
Speed of induction motor, 281 
Speed regulation, 308 
Split-phase motor (see SINGLE- 
PHASE MOTORS), 311, 
318, 314 

Squirrel-cage rotor, 274 
Star-connection, 193 
Star-delta connection, 304 
Star-star connection, 218 
Starters, 269 
Starting compensators, 297 
Starting devices, 293, 297 
Substation, 

converter, 9 

rectifier, 9 

transformer, 9 
Switch, 

field, 65 

oil, 66 
Synchronous condenser, 273 
Synchronous converter, 12, 18, 330 
Synchronous motor, 23, 271 

power factor of, 104 
Synchronous speed, 281 


al; 

Tabies, 
allowable voltage drops, 366 
carrying capacities of wire, 364 
converter voltages, 337 
demand factor, 369 
equivalent distance, 369 
induction motor current, 367 
motor power factors, 369 
power factor, 363 
reactance of wiring, 366 
reactive factor, 363 
rectifier voltage ratios, 346 
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Tables (cont.) 

resistance of wire, 365 

wire sizes for motors, 368 

Three-phase induction motors, 

289 

Three-phase rectifier, 349 

Three-phase system, 183, 185 

balanced load, 200 

delta connection, 187 

four-wire, 211 

generator, 198 

line-current, 199, 206 

line voltages, 196 

neutral, 211 

per cent line drop, 256 

power, 207, 208 

power-measurement, 218 

star connection (or Y-connec- 
tion), 193 

transformer connections, 217 

vector diagram, 187 

voltage drop, 253, 256 

voltage relations, 185 

voltage to neutral, 256 


INDEX 


Transformer (cont.) 
distribution, 14, 16, 40 
exciting current, 71 
grounding of, 44 
heating, 42, 73 
high-frequency, 48 
how it operates, 34 
power, 38 
primary coil, 36 
primary connections, 43 _ 
radio types, 47 
rating, 73 
secondary coil, 36 
secondary current, 70 
shell type, 42 
substation, 9 
volts per turn, 68 

Transil oil, 74 

Transmission, power, 2 

Tuned circuits, 170 
radio, 173 

Turbo-generator, 4 

Two-phase system, 180, 182 
power in, 184 


Three-phase wiring, 249 
Thumb rule, for field about coil, 


Two-phase wiring, 248 
Two-wattmeter method, 218 


29 “ 
Torque, V 
measurement, 269 Vacuum-tube rectifier, 347, 351 
pull-out, 287 Var, 88 


running, 269 
starting, 269, 276 
Transformer, 8 
arrangement of coils, 42 
auto-, 297 
bell-ringing, 47 
change of voltage, 34 
connections, 217 
construction, 36, 74 
core, 37, 41 
core type, 42 
current, 71, 72 


Vector diagram, 95 
current, 118 
impedance, 155 
power, 137 
reactance, 156 
resistance, 156 
three-phase, 187 
three-phase current, 202 
voltage, 127 

Vectors, 95 
addition of, 125 
resolution of, 137 


INDEX 


Voltage, 


active component, 128 

effective value, 145 

induced, 24, 143 

in parallel circuits, 131 

in series circuits, 132 

maximum value, 145 

ratio in converters, 333, 337 

_ratio in rectifiers, 345 

reactive component, 128 

table of allowable drops, 366 

vector diagram, 127 

Voltage drop, 

allowable, 229 

in branches, 229, 241, 253 

in feeders, 231, 243, 244, 
254 

in mains, 231, 241, 244, 253 

single-phase, 229, 241, 244 

three-phase, 253, 256 


Volt-ampere, 73 


W 

Watt, 81 

Wattmeter, 81 

Wire, 
carrying-capacity, 364 
reactance tables, 366 
resistance tables, 365 
spacing, 255 

Wire size, 
single-phase, 227, 235 
three-phase, 249 
two-phase, 248 

Wiring, 227, 235, 248, 249 
branches, 227, 235, 249 
equivalent distance, 369 
feeder, 228, 240, 253 
main, 228, 235, 249, 252 

Wound rotor, 306 


AG 
Y-connection, 193 
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